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Introduction 



OBJECTIVES 

After studying this chapter, you will be 
able to 

• describe the SI system of measurement, 

• convert between various sets of units, 

• use power of ten notation to simplify 
handling of large and small numbers, 

• express electrical units using standard 
prefix notation such as /xA, kV, mW, etc., 

• use a sensible number of significant dig- 
its in calculations, 

• describe what block diagrams are and 
why they are used, 

• convert a simple pictorial circuit to its 
schematic representation, 

• describe generally how computers fit in 
the electrical circuit analysis picture. 
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A n electrical circuit is a system of interconnected components such as resis- 
tors, capacitors, inductors, voltage sources, and so on. The electrical behav- 
ior of these components is described by a few basic experimental laws. These 
laws and the principles, concepts, mathematical relationships, and methods of 
analysis that have evolved from them are known as circuit theory. 

Much of circuit theory deals with problem solving and numerical analysis. 
When you analyze a problem or design a circuit, for example, you are typically 
required to compute values for voltage, current, and power. In addition to a 
numerical value, your answer must include a unit. The system of units used for 
this purpose is the SI system (Systeme International). The SI system is a unified 
system of metric measurement; it encompasses not only the familiar MKS 
(meters, kilograms, seconds) units for length, mass, and time, but also units for 
electrical and magnetic quantities as well. 

Quite frequently, however, the SI units yield numbers that are either too 
large or too small for convenient use. To handle these, engineering notation and 
a set of standard prefixes have been developed. Their use in representation and 
computation is described and illustrated. The question of significant digits is also 
investigated. 

Since circuit theory is somewhat abstract, diagrams are used to help present 
ideas. We look at several types — schematic, pictorial, and block diagrams — and 
show how to use them to represent circuits and systems. 

We conclude the chapter with a brief look at computer usage in circuit analy- 
sis and design. Several popular application packages and programming languages 
are described. Special emphasis is placed on OrCAD PSpice and Electronics 
Workbench, the two principal software packages used throughout this book. 



Hints on Problem Solving 

During the analysis of electric circuits, you will find yourself solving quite a few 

problems. An organized approach helps. Listed below are some useful guidelines: 

1. Make a sketch (e.g., a circuit diagram), mark on it what you know, then iden- 
tify what it is that you are trying to determine. Watch for “implied data” such 
as the phrase “the capacitor is initially uncharged”. (As you will find out 
later, this means that the initial voltage on the capacitor is zero.) Be sure to 
convert all implied data to explicit data. 

2. Think through the problem to identify the principles involved, then look for 
relationships that tie together the unknown and known quantities. 

3. Substitute the known information into the selected equation(s) and solve for 
the unknown. (For complex problems, the solution may require a series of 
steps involving several concepts. If you cannot identify the complete set of 
steps before you start, start anyway. As each piece of the solution emerges, you 
are one step closer to the answer. You may make false starts. However, even 
experienced people do not get it right on the first try every time. Note also that 
there is seldom one “right” way to solve a problem. You may therefore come 
up with an entirely different correct solution method than the authors do.) 

4. Check the answer to see that it is sensible — that is, is it in the “right ball- 
park”? Does it have the correct sign? Do the units match? 
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1.1 Introduction 

Technology is rapidly changing the way we do things; we now have comput- 
ers in our homes, electronic control systems in our cars, cellular phones that 
can be used just about anywhere, robots that assemble products on produc- 
tion lines, and so on. 

A first step to understanding these technologies is electric circuit theory. 
Circuit theory provides you with the knowledge of basic principles that you 
need to understand the behavior of electric and electronic devices, circuits, 
and systems. In this book, we develop and explore its basic ideas. 



Before We Begin 

Before we begin, let us look at a few examples of the technology at work. 
(As you go through these, you will see devices, components, and ideas that 
have not yet been discussed. You will learn about these later. For the moment, 
just concentrate on the general ideas.) 

As a first example, consider Figure 1-1, which shows a VCR. Its design 
is based on electrical, electronic, and magnetic circuit principles. For exam- 
ple, resistors, capacitors, transistors, and integrated circuits are used to con- 
trol the voltages and currents that operate its motors and amplify the audio 
and video signals that are the heart of the system. A magnetic circuit (the 
read/write system) performs the actual tape reads and writes. It creates, 
shapes, and controls the magnetic field that records audio and video signals 
on the tape. Another magnetic circuit, the power transformer, transforms the 
ac voltage from the 120- volt wall outlet voltage to the lower voltages required 
by the system. 




FIGURE 1-1 A VCR is a familiar example of an electrical/electronic system. 
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Figure 1-2 shows another example. In this case, a designer, using a per- 
sonal computer, is analyzing the performance of a power transformer. The 
transformer must meet not only the voltage and current requirements of the 
application, but safety- and efficiency-related concerns as well. A software 
application package, programmed with basic electrical and magnetic circuit 
fundamentals, helps the user perform this task. 

Figure 1-3 shows another application, a manufacturing facility where 
fine pitch surface-mount (SMT) components are placed on printed circuit 
boards at high speed using laser centering and optical verification. The bot- 
tom row of Figure 1-4 shows how small these components are. Computer 
control provides the high precision needed to accurately position parts as 
tiny as these. 

Before We Move On 

Before we move on, we should note that, as diverse as these applications are, 
they all have one thing in common: all are rooted in the principles of circuit 
theory. 




FIGURE 1-2 A transformer designer using a 3-D electromagnetic analysis program to 
check the design and operation of a power transformer. Upper inset: Magnetic field pat- 
tern. (Courtesy Carte International Inc.) 
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FIGURE 1-3 Laser centering and 
optical verification in a manufacturing 
process. ( Courtesy Vansco Electronics 
Ltd.) 




FIGURE 1-4 Some typical elec- 
tronic components. The small compo- 
nents at the bottom are surface mount 
parts that are installed by the machine 
shown in Figure 1-3. 
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1.2 The SI System of Units 

The solution of technical problems requires the use of units. At present, two 
major systems — the English (US Customary) and the metric — are in everyday 
use. For scientific and technical purposes, however, the English system has 
been largely superseded. In its place the SI system is used. Table 1-1 shows a 
few frequently encountered quantities with units expressed in both systems. 

The SI system combines the MKS metric units and the electrical units 
into one unified system: See Tables 1-2 and 1-3. (Do not worry about the 
electrical units yet. We define them later, starting in Chapter 2.) The units in 
Table 1-2 are defined units, while the units in Table 1-3 are derived units, 
obtained by combining units from Table 1-2. Note that some symbols and 
abbreviations use capital letters while others use lowercase letters. 

A few non-SI units are still in use. For example, electric motors are 
commonly rated in horsepower, and wires are frequently specified in AWG 
sizes (American Wire Gage, Section 3.2). On occasion, you will need to con- 
vert non-SI units to SI units. Table 1-4 may be used for this purpose. 



TABLE 1-1 Common Quantities 

1 meter =100 centimeters = 39.37 
inches 

1 millimeter = 39.37 mils 
1 inch = 2.54 centimeters 
1 foot = 0.3048 meter 
1 yard = 0.9144 meter 
1 mile = 1.609 kilometers 
1 kilogram = 1000 grams = 

2.2 pounds 

1 gallon (US) = 3.785 liters 



Definition of Units 

When the metric system came into being in 1792, the meter was defined as 
one ten-millionth of the distance from the north pole to the equator and the 
second as 1/60 X 1/60 X 1/24 of the mean solar day. Later, more accurate def- 
initions based on physical laws of nature were adopted. The meter is now 

TABLE 1-2 Some SI Base Units 




TABLE 1-3 Some SI Derived Units* 




*Electrical and magnetic quantities will be explained as you progress through the book. As in Table 
1-2, the distinction between capitalized and lowercase letters is important. 
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TABLE 1-4 Conversions 



When You Know 



Multiply By 



To Find 



Length inches (in) 



0.0254 

0.3048 

1.609 

4.448 

746 



meters (m) 
meters (m) 



feet (ft) 
miles (mi) 



kilometers (km) 



Force pounds (lb) 

Power horsepower (hp) 



newtons (N) 
watts (W) 
joules* (J) 
joules* (J) 



Energy kilowatthour (kWh) 
foot-pound (ft-lb) 



3.6 X 10 6 
1.356 



Note: 1 joule = 1 newton-meter. 

defined as the distance travelled by light in a vacuum in 1/299 792 458 of a 
second, while the second is defined in terms of the period of a cesium-based 
atomic clock. The definition of the kilogram is the mass of a specific plat- 
inum-iridium cylinder (the international prototype), preserved at the Interna- 
tional Bureau of Weights and Measures in France. 

Relative Size of the Units* 

To gain a feel for the SI units and their relative size, refer to Tables 1-1 and 
1 - 4 . Note that 1 meter is equal to 39.37 inches; thus, 1 inch equals 1/39.37 = 
0.0254 meter or 2.54 centimeters. A force of one pound is equal to 4.448 
newtons; thus, 1 newton is equal to 1/4.448 = 0.225 pound of force, which 
is about the force required to lift a y 4 -pound weight. One joule is the work 
done in moving a distance of one meter against a force of one newton. This 
is about equal to the work required to raise a quarter-pound weight one 
meter. Raising the weight one meter in one second requires about one watt 
of power. 

The watt is also the SI unit for electrical power. A typical electric lamp, 
for example, dissipates power at the rate of 60 watts, and a toaster at a rate of 
about 1000 watts. 

The link between electrical and mechanical units can be easily estab- 
lished. Consider an electrical generator. Mechanical power input produces 
electrical power output. If the generator were 100% efficient, then one watt 
of mechanical power input would yield one watt of electrical power output. 
This clearly ties the electrical and mechanical systems of units together. 

However, just how big is a watt? While the above examples suggest that 
the watt is quite small, in terms of the rate at which a human can work it is 
actually quite large. For example, a person can do manual labor at a rate of 
about 60 watts when averaged over an 8-hour day — just enough to power a 
standard 60- watt electric lamp continuously over this time! A horse can do 
considerably better. Based on experiment, Isaac Watt determined that a strong 
dray horse could average 746 watts. From this, he defined the horsepower (hp) 
as 1 horsepower = 746 watts. This is the figure that we still use today. 



*Paraphrased from Edward C. Jordan and Keith Balmain, Electromagnetic Waves and 
Radiating Systems , Second Edition. (Englewood Cliffs, New Jersey: Prentice-Hall, Inc, 
1968). 
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1.3 Converting Units 

Often quantities expressed in one unit must be converted to another. For 
example, suppose you want to determine how many kilometers there are in 
ten miles. Given that 1 mile is equal to 1.609 kilometers, Table 1-1, you can 
write 1 mi = 1.609 km, using the abbreviations in Table 1-4. Now multiply 
both sides by 10. Thus, 10 mi = 16.09 km. 

This procedure is quite adequate for simple conversions. However, for 
complex conversions, it may be difficult to keep track of units. The proce- 
dure outlined next helps. It involves writing units into the conversion 
sequence, cancelling where applicable, then gathering up the remaining units 
to ensure that the final result has the correct units. 

To get at the idea, suppose you want to convert 12 centimeters to 
inches. From Table 1-1, 2.54 cm = 1 in. Since these are equivalent, you can 
write 



2.54 cm 
1 in 



or 



1 in 

2.54 cm 



= 1 



(1-D 



Now multiply 12 cm by the second ratio and note that unwanted units can- 
cel. Thus, 



12 cm X — — = 4.72 in 
2.54 cm 



The quantities in equation 1-1 are called conversion factors. Conver- 
sion factors have a value of 1 and you can multiply by them without chang- 
ing the value of an expression. When you have a chain of conversions, select 
factors so that all unwanted units cancel. This provides an automatic check 
on the final result as illustrated in part (b) of Example 1-1. 



EXAMPLE 1—1 Given a speed of 60 miles per hour (mph), 

a. convert it to kilometers per hour, 

b. convert it to meters per second. 



Solution 

a. Recall, 1 mi = 1.609 km. Thus, 



1 = 



1.609 km 
1 mi 



Now multiply both sides by 60 mi/h and cancel units: 

™ W1 60ml w 1.609 km r/1 , /t 

60 mi/h = X = 96.54 km/h 

h 1 mi 

b. Given that 1 mi = 1.609 km, 1 km = 1000 m, 1 h = 60 min, and 1 min = 
60 s, choose conversion factors as follows: 



1.609 km , 1000 m 

1 mi ’ 



1 = 



1 h 

60 min’ 



and 1 = 



1 min 



lkm ’ 



60s 
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Thus, 

60 mi 60 mi 1.609 km 1000 m 14 k 1 min . 

= X X X X = 26.8 m/s 

h 4 k 1 mi 1 km 60 min 60 s 

You can also solve this problem by treating the numerator and denomi- 
nator separately. For example, you can convert miles to meters and hours to 
seconds, then divide (see Example 1-2). In the final analysis, both methods 
are equivalent. 

t EXAMPLE 1-2 Do Example 1-1 (b) by expanding the top and bottom sepa- 
rately. 

Solution 

_ . . . 1.609 km . . 1000 m _ 

60 mi = 60 tm X X = 96 540 m 

1 mi 1 km 

, , v/ 60 min 60s 

1 h = 14 kX X = 3600 s 

14k 1 min 

Thus, velocity = 96 540 m/3600 s = 26.8 m/s as above. 


EV PRACTICE 

PROBLEMS 1 


1. Area = irr 2 . Given r = 8 inches, determine area in square meters (m 2 ). 

2. A car travels 60 feet in 2 seconds. Determine 

a. its speed in meters per second, 

b. its speed in kilometers per hour. 

For part (b), use the method of Example 1-1, then check using the method of 
Example 1-2. 

Answers: 1. 0.130 m 2 2. a. 9.14 m/s b. 32.9 km/h 




1.4 Power of Ten Notation 

Electrical values vary tremendously in size. In electronic systems, for example, 
voltages may range from a few millionths of a volt to several thousand volts, 
while in power systems, voltages of up to several hundred thousand are com- 
mon. To handle this large range, the power of ten notation (Table 1-5) is used. 

To express a number in power of ten notation, move the decimal point to 
where you want it, then multiply the result by the power of ten needed to 
restore the number to its original value. Thus, 247 000 = 2.47 X 10 5 . (The 
number 10 is called the base, and its power is called the exponent.) An easy 
way to determine the exponent is to count the number of places (right or left) 
that you moved the decimal point. Thus, 

247 000 = 247000 = 2.47 X 10 5 



543 2 1 
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TABLE 1-5 Common Power of Ten Multipliers 



1 000 000 = 


10 6 


0.000001 


= 10~ 6 


100 000 = 


10 5 


0.00001 


= 10~ 5 


10 000 = 


10 4 


0.0001 


= 10^ 4 


1 000 = 


10 3 


0.001 


= 10~ 3 


100 = 


10 2 


0.01 


= 10^ 2 


10 = 


10 1 


0.1 


= 10- 1 


1 = 


10 ° 


1 


= 10 ° 



Similarly, the number 0.003 69 may be expressed as 3.69 X 10 3 as illus- 
trated below. 

0.003 69 = 0.0 0 3 6 9 = 3.69 X 10“ 3 

j4 

123 



Multiplication and Division Using Powers of Ten 

To multiply numbers in power of ten notation, multiply their base numbers, 

then add their exponents. Thus, 

(1.2 X 10 3 )(1.5 X 10 4 ) = (1.2)(1.5) X 10 (3+4) = 1.8 X 10 7 



For division, subtract the exponents in the denominator from those in the 
numerator. Thus, 



4.5 X 10 2 
3 X 10“ 2 



= — X 10 2 - ( - 2) - 1.5 X 10 4 
3 



EXAMPLE 1-3 Convert the following numbers to power of ten notation, 
then perform the operation indicated: 

a. 276 X 0.009, 

b. 98 200/20. 



Solution 

a. 276 X 0.009 = (2.76 X 10 2 )(9 X 10“ 3 ) = 24.8 X lO^ 1 



b. 



98 200 9.82 X 10 4 



20 



2 X 10 1 



= 4.91 X 10 3 



2.48 



Addition and Subtraction Using Powers of Ten 

To add or subtract, first adjust all numbers to the same power of ten. It does 
not matter what exponent you choose, as long as all are the same. 
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EXAMPLE 1-4 Add 3.25 X 10 2 and 5 X 10 3 

a. using 10 2 representation, 

b. using 10 3 representation. 

Solution 

a. 5 X 10 3 = 50 X 10 2 . Thus, 3.25 X 10 2 + 50 X 10 2 = 53.25 X 10 2 

b. 3.25 X 10 2 = 0.325 X 10 3 . Thus, 0.325 X 10 3 + 5 X 10 3 = 5.325 X 10 3 , 
which is the same as 53.25 X 10 2 



NOTES... 



Use common sense when han- 
dling numbers. With calculators, 
for example, it is often easier to 
work directly with numbers in 
their original form than to con- 
vert them to power of ten nota- 
tion. (As an example, it is more 
sensible to multiply 276 X 
0.009 directly than to convert to 
power of ten notation as we did 
in Example l-3(a).) If the final 
result is needed as a power of 
ten, you can convert as a last 
step. 



Powers 

Raising a number to a power is a form of multiplication (or division if the 
exponent is negative). For example, 

(2 X 10 3 ) 2 = (2 X 10 3 )(2 X 10 3 ) = 4 X 10 6 

In general, ( N X 10 n ) m = 1ST X 10 nm . In this notation, (2 X 10 3 ) 2 = 2 2 X 
10 3x2 = 4 X 10 6 as before. 

Integer fractional powers represent roots. Thus, 4 1/2 = V4 = 2 and 
27 1/3 = N/27 = 3. 



EXAMPLE 1—5 Expand the following: 

a. (250) 3 b. (0.0056) 2 c. (141)“ 2 d. (60) 1/3 

Solution 

a. (250) 3 = (2.5 X 10 2 ) 3 = (2.5) 3 X 10 2x3 = 15.625 X 10 6 

b. (0.0056) 2 = (5.6 X 10“ 3 ) 2 = (5.6) 2 X 10“ 6 = 31.36 X 10“ 6 

c. (141) 2 = (1.41 X 10 2 )“ 2 = (1.41) -2 X (10 2 ) 2 = 0.503 X 10~ 4 

d. (60) 1/3 = V60 = 3.915 




PRACTICE 
PROBLEMS 2 



Determine the following: 

a. (6.9 X 10 5 )(0.392 X 10 2 ) 

b. (23.9 X 10 11 )/(8. 15 X 10 5 ) 

c. 14.6 X 10 2 + 11.2 X 10 1 (Express in 10 2 and 10 1 notation.) 

d. (29. 6) 3 

e. (0.385)^ 2 

Answers: a. 2.71 X 10 3 b. 2.93 X 10 s c. 15.7 X 10 2 = 157 X 10 1 d. 25.9 X 10 3 

e. 6.75 
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Prefixes TABLE 1-6 Engineering Prefixes 



Scientific and Engineering Notation 

If power of ten numbers are written with one digit to the left of the decimal 
place, they are said to be in scientific notation. Thus, 2.47 X 10 5 is in sci- 
entific notation, while 24.7 X 10 4 and 0.247 X 10 6 are not. However, we 
are more interested in engineering notation. In engineering notation, pre- 
fixes are used to represent certain powers of ten; see Table 1-6. Thus, a 
quantity such as 0.045 A (amperes) can be expressed as 45 X 10” 3 A, but it 
is preferable to express it as 45 mA. Here, we have substituted the prefix 
milli for the multiplier 10~ 3 . It is usual to select a prefix that results in a 
base number between 0.1 and 999. Thus, 1.5 X 10 -5 s would be expressed 
as 15 /xs. 




EXAMPLE 1—6 Express the following in engineering notation: 

a. 10 X 10 4 volts b. 0.1 X 10 -3 watts c. 250 X 10“ 7 seconds 

Solution 

a. 10 X 10 4 V = 100 X 10 3 V = 100 kilovolts - 100 kV 

b. 0.1 X 10" 3 W = 0.1 milliwatts = 0.1 mW 

c. 250 X 10“ 7 s = 25 X 10“ 6 s = 25 microseconds = 25 /xs 



EXAMPLE 1-7 



Convert 0.1 MV to kilovolts (kV). 



Solution 

0.1 MV = 0.1 X 10 6 V = (0.1 X 10 3 ) X 10 3 V = 100 kV 



Remember that a prefix represents a power of ten and thus the rules for 
power of ten computation apply. For example, when adding or subtracting, 
adjust to a common base, as illustrated in Example 1-8. 



^EXAMPLE 1-6 Compute the sum of 1 ampere (amp) and 100 milli- 
amperes. 

Solution Adjust to a common base, either amps (A) or milliamps (mA). 
Thus, 

1 A + 100 mA = 1 A + 100 X 10 3 A = 1 A + 0.1 A = 1.1 A 



Alternatively, 1 A + 100 mA = 1000 mA +100 mA =1100 mA. 
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PRACTICE 
PROBLEMS 3 



1. Convert 1800 kV to megavolts (MV). 

2. In Chapter 4, we show that voltage is the product of current times resistance — 
that is, V = I X R, where V is in volts, I is in amperes, and R is in ohms. 
Given I = 25 mA and R = 4 kll, convert these to power of ten notation, then 
determine V. 

3. If I x = 520 /xA, I 2 = 0.157 mA, and / 3 = 2.75 X 10 -4 A, what is I x + I 2 + / 3 
in mA? 

Answers: 1. 1.8 MV 2. 100 V 3. 0.952 mA 




IN-PROCESS 

LEARNING 
CHECK 1 



1 . All conversion factors have a value of what? 

2. Convert 14 yards to centimeters. 

3. What units does the following reduce to? 

— X — X — X — 
h km min s 

4. Express the following in engineering notation: 

a. 4270 ms b. 0.001 53 V c. 12.3 X 10“ 4 s 

5. Express the result of each of the following computations as a number times 
10 to the power indicated: 

a. 150 X 120 as a value times 10 4 ; as a value times 10 3 . 

b. 300 X 6/0.005 as a value times 10 4 ; as a value times 10 5 ; as a value times 10 6 . 

c. 430 + 15 as a value times 10 2 ; as a value times 10 1 . 

d. (3 X 10 -2 ) 3 as a value times 10 -6 ; as a value times 10 -5 . 

6. Express each of the following as indicated. 

a. 752 fi A in mA. 

b. 0.98 mV in /xV. 

c. 270 /xs + 0.13 ms in /xs and in ms. 

( Answers are at the end of the chapter. ) 



1.6 Significant Digits and Numerical Accuracy 

The number of digits in a number that carry actual information are termed 
significant digits. Thus, if we say a piece of wire is 3.57 meters long, we 
mean that its length is closer to 3.57 m than it is to 3.56 m or 3.58 m and we 
have three significant digits. (The number of significant digits includes the 
first estimated digit.) If we say that it is 3.570 m, we mean that it is closer to 
3.570 m than to 3.569 m or 3.571 m and we have four significant digits. 
When determining significant digits, zeros used to locate the decimal point 
are not counted. Thus, 0.004 57 has three significant digits; this can be seen 
if you express it as 4.57 X 10” 3 . 
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Most calculations that you will do in circuit theory will be done using a 
hand calculator. An error that has become quite common is to show more 
digits of “accuracy” in an answer than are warranted, simply because the 
numbers appear on the calculator display. The number of digits that you 
should show is related to the number of significant digits in the numbers 
used in the calculation. 

To illustrate, suppose you have two numbers, A = 3.76 and B = 3.7, to 
be multiplied. Their product is 13.912. If the numbers 3.76 and 3.7 are exact 
this answer is correct. However, if the numbers have been obtained by mea- 
surement where values cannot be determined exactly, they will have some 
uncertainty and the product must reflect this uncertainty. For example, sup- 
pose A and B have an uncertainty of 1 in their first estimated digit — that is, 
A = 3.76 ± 0.01 and B = 3.7 ± 0.1. This means that A can be as small as 
3.75 or as large as 3.77, while B can be as small as 3.6 or as large as 3.8. 
Thus, their product can be as small as 3.75 X 3.6 = 13.50 or as large as 
3.77 X 3.8 = 14.326. The best that we can say about the product is that it is 
14, i.e., that you know it only to the nearest whole number. You cannot even 
say that it is 14.0 since this implies that you know the answer to the nearest 
tenth, which, as you can see from the above, you do not. 

We can now give a “rule of thumb” for determining significant digits. 
The number of significant digits in a result due to multiplication or division 
is the same as the number of significant digits in the number with the least 
number of significant digits. In the previous calculation, for example, 3.7 has 
two significant digits so that the answer can have only two significant digits 
as well. This agrees with our earlier observation that the answer is 14, not 
14.0 (which has three). 

When adding or subtracting, you must also use common sense. For 
example, suppose two currents are measured as 24.7 A (one place known 
after the decimal point) and 123 mA (i.e., 0.123 A). Their sum is 24.823 A. 
However, the right-hand digits 23 in the answer are not significant. They 
cannot be, since, if you don’t know what the second digit after the decimal 
point is for the first current, it is senseless to claim that you know their sum 
to the third decimal place! The best that you can say about the sum is that it 
also has one significant digit after the decimal place, that is, 

24.7 A (One place after decimal) 

+ 0.123 A 

24.823 A — » 24.8 A (One place after decimal) 



Therefore, when adding numbers, add the given data, then round the result to 
the last column where all given numbers have significant digits. The process 
is similar for subtraction. 



NOTES... 



When working with numbers, 
you will encounter exact num- 
bers and approximate numbers. 
Exact numbers are numbers that 
we know for certain, while 
approximate numbers are num- 
bers that have some uncertainty. 
For example, when we say that 
there are 60 minutes in one hour, 
the 60 here is exact. However, if 
we measure the length of a wire 
and state it as 60 m, the 60 in 
this case carries some uncer- 
tainty (depending on how good 
our measurement is), and is thus 
an approximate number. When 
an exact number is included in a 
calculation, there is no limit to 
how many decimal places you 
can associate with it — the accu- 
racy of the result is affected only 
by the approximate numbers 
involved in the calculation. 
Many numbers encountered in 
technical work are approximate, 
as they have been obtained by 
measurement. 



NOTES... 



In this book, given numbers are 
assumed to be exact unless oth- 
erwise noted. Thus, when a 
value is given as 3 volts, take it 
to mean exactly 3 volts, not sim- 
ply that it has one significant 
figure. Since our numbers are 
assumed to be exact, all digits 
are significant, and we use as 
many digits as are convenient in 
examples and problems. Final 
answers are usually rounded to 3 
digits. 
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PRACTICE 
PROBLEMS 4 



1 . Assume that only the digits shown in 8.75 X 2.446 X 9. 15 are significant. Deter- 
mine their product and show it with the correct number of significant digits. 

2. For the numbers of Problem 1, determine 

8.75 X 2.446 
9.15 

3. If the numbers in Problems 1 and 2 are exact, what are the answers to eight 
digits? 

4. Three currents are measured as 2.36 A, 1 1.5 A, and 452 mA. Only the digits 
shown are significant. What is their sum shown to the correct number of sig- 
nificant digits? 

Answers: 1. 196 2. 2.34 3. 195.83288; 2.3390710 4. 14.3 A 



1.7 Circuit Diagrams 

Electric circuits are constructed using components such as batteries, switches, 
resistors, capacitors, transistors, interconnecting wires, etc. To represent these 
circuits on paper, diagrams are used. In this book, we use three types: block 
diagrams, schematic diagrams, and pictorials. 

Block Diagrams 

Block diagrams describe a circuit or system in simplified form. The overall 
problem is broken into blocks, each representing a portion of the system or 
circuit. Blocks are labelled to indicate what they do or what they contain, 
then interconnected to show their relationship to each other. General signal 
flow is usually from left to right and top to bottom. Figure 1-5, for example, 
represents an audio amplifier. Although you have not covered any of its cir- 
cuits yet, you should be able to follow the general idea quite easily — sound 
is picked up by the microphone, converted to an electrical signal, amplified 
by a pair of amplifiers, then output to the speaker, where it is converted back 
to sound. A power supply energizes the system. The advantage of a block 
diagram is that it gives you the overall picture and helps you understand the 
general nature of a problem. However, it does not provide detail. 




Amplification System 



Sound 

Waves 



FIGURE 1-5 An example block diagram. Pictured is a simplified representation of an 
audio amplification system. 
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FIGURE 1-6 A pictorial diagram. The battery is referred to as a source while the lamp 
is referred to as a load. (The + and — on the battery are discussed in Chapter 2.) 



Pictorial Diagrams 

Pictorial diagrams are one of the types of diagrams that provide detail. 
They help you visualize circuits and their operation by showing components 
as they actually appear. For example, the circuit of Figure 1-6 consists of a 
battery, a switch, and an electric lamp, all interconnected by wire. Operation 
is easy to visualize — when the switch is closed, the battery causes current in 
the circuit, which lights the lamp. The battery is referred to as the source and 
the lamp as the load. 



Switch 
o/ o 



+ 

Battery -r- _ 



Lamp 



(a) Schematic using lamp symbol 



Schematic Diagrams 

While pictorial diagrams help you visualize circuits, they are cumbersome to 
draw. Schematic diagrams get around this by using simplified, standard 
symbols to represent components; see Table 1-7. (The meaning of these 
symbols will be made clear as you progress through the book.) In Figure 
l-7(a), for example, we have used some of these symbols to create a 
schematic for the circuit of Figure 1-6. Each component has been replaced 
by its corresponding circuit symbol. 

When choosing symbols, choose those that are appropriate to the occa- 
sion. Consider the lamp of Figure l-7(a). As we will show later, the lamp 
possesses a property called resistance that causes it to resist the passage of 
charge. When you wish to emphasize this property, use the resistance symbol 
rather than the lamp symbol, as in Figure 1-7 (b). 



Switch 

O- 



Battery -i- _ Resistance 



(b) Schematic using resistance symbol 

FIGURE 1-7 Schematic representa- 
tion of Figure 1-6. The lamp has a cir- 
cuit property called resistance (dis- 
cussed in Chapter 3). 
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When you draw schematic diagrams, draw them with horizontal and ver- 
tical lines joined at right angles as in Figure 1-7. This is standard practice. 
(At this point you should glance through some later chapters, e.g., Chapter 7, 
and study additional examples.) 

1.8 Circuit Analysis Using Computers 

Personal computers are used extensively for analysis and design. Software 
tools available for such tasks fall into two broad categories: prepackaged 
application programs (application packages) and programming languages. 
Application packages solve problems without requiring programming on 
the part of the user, while programming languages require the user to write 
code for each type of problem to be solved. 

Circuit Simulation Software 

Simulation software is application software; it solves problems by simulating 
the behavior of electrical and electronic circuits rather than by solving sets of 
equations. To analyze a circuit, you “build” it on your screen by selecting 
components (resistors, capacitors, transistors, etc.) from a library of parts, 
which you then position and interconnect to form the desired circuit. You can 
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FIGURE 1-8 Computer screen showing circuit analysis using Electronics Workbench. 

change component values, connections, and analysis options instantly with 
the click of a mouse. Figures 1-8 and 1-9 show two examples. 

Most simulation packages use a software engine called SPICE, an acro- 
nym for Simulation Program with Integrated Circuit Emphasis. Popular 
products are PSpice, Electronics Workbench® (EWB) and Circuit Maker. In 
this text, we use Electronics Workbench and OrCAD PSpice, both of which 
have either evaluation or student versions (see the Preface for more details). 
Both products have their strong points. Electronics Workbench, for instance, 
more closely models an actual workbench (complete with realistic meters) 
than does PSpice and is a bit easier to learn. On the other hand, PSpice has a 




FIGURE 1-9 Computer screen showing circuit analysis using OrCAD PSpice. 
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more complete analysis capability; for example, it determines and displays 
important information (such as phase angles in ac analyses and current 
waveforms in transient analysis) that Electronics Workbench, as of this writ- 
ing, does not. 

Prepackaged Math Software 

Math packages also require no programming. A popular product is Mathcad 
from Mathsoft Inc. With Mathcad, you enter equations in standard mathe- 
matical notation. For example, to find the first root of a quadratic equation, 
you would use 

—b + ^/b 2 — 4 • a • c 

x : = o 

2 • a 

Mathcad is a great aid for solving simultaneous equations such as those 
encountered during mesh or nodal analysis (Chapters 8 and 19) and for plot- 
ting waveforms. (You simply enter the formula.) In addition, Mathcad incor- 
porates a built-in Electronic Handbook that contains hundreds of useful for- 
mulas and circuit diagrams that can save you a great deal of time. 

Programming Languages 

Many problems can also be solved using programming languages such as 
BASIC, C, or FORTRAN. To solve a problem using a programming lan- 
guage, you code its solution, step by step. We do not consider programming 
languages in this book. 

A Word of Caution 

With the widespread availability of inexpensive software tools, you may 
wonder why you are asked to solve problems manually throughout this book. 
The reason is that, as a student, your job is to learn principles and concepts. 
Getting correct answers using prepackaged software does not necessarily 
mean that you understand the theory — it may mean only that you know how 
to enter data. Software tools should always be used wisely. Before you use 
PSpice, Electronics Workbench, or any other application package, be sure 
that you understand the basics of the subject that you are studying. This is 
why you should solve problems manually with your calculator first. Follow- 
ing this, try some of the application packages to explore ideas. Most chapters 
(starting with Chapter 4) include a selection of worked-out examples and 
problems to get you started. 
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1.3 Converting Units 



PROBLEMS 



1. Perform the following conversions: 
a. 27 minutes to seconds 
c. 2 h 3 min 47 s to s 
e. 1827 W to hp 



b. 0.8 hours to seconds 
d. 35 horsepower to watts 
f. 23 revolutions to degrees 




1 . Conversion factors may be 
found on the inside of the 
front cover or in the tables of 
Chapter 1. 



2. Perform the following conversions: 
a. 27 feet to meters 
c. 36°F to degrees C 
e. 100 sq. ft to m 2 
g. 47 -pound force to newtons 



b. 2.3 yd to cm 

d. 18 (US) gallons to liters 

f. 124 sq. in. to m 2 



2. Difficult problems have their 
question number printed in 
red. 



3. Answers to odd-numbered 
problems are in Appendix D. 



3. Set up conversion factors, compute the following, and express the answer in 
the units indicated. 

a. The area of a plate 1 .2 m by 70 cm in m 2 . 

b. The area of a triangle with base 25 cm, height 0.5 m in m 2 . 

c. The volume of a box 10 cm by 25 cm by 80 cm in m 3 . 

d. The volume of a sphere with 10 in. radius in m 3 . 

4. An electric fan rotates at 300 revolutions per minute. How many degrees is 
this per second? 

5. If the surface mount robot machine of Figure 1-3 places 15 parts every 12 s, 
what is its placement rate per hour? 

6. If your laser printer can print 8 pages per minute, how many pages can it 
print in one tenth of an hour? 

7. A car gets 27 miles per US gallon. What is this in kilometers per liter? 

8. The equatorial radius of the earth is 3963 miles. What is the earth’s circum- 
ference in kilometers at the equator? 

9. A wheel rotates 18° in 0.02 s. How many revolutions per minute is this? 

10. The height of horses is sometimes measured in “hands,” where 1 hand = 4 
inches. How many meters tall is a 16-hand horse? How many centimeters? 

1 1 . Suppose s = vti s given, where s is distance travelled, v is velocity, and t is 
time. If you travel at v = 60 mph for 500 seconds, you get upon unthinking 
substitution s = vt = (60)(500) = 30,000 miles. What is wrong with this 
calculation? What is the correct answer? 

12. How long does it take for a pizza cutter traveling at 0.12 m/s to cut diago- 
nally across a 15 -in. pizza? 

13. Joe S. was asked to convert 2000 yd/h to meters per second. Here is Joe’s 
work: velocity = 2000 X 0.9144 X 60/60 = 1828.8 m/s. Determine conver- 
sion factors, write units into the conversion, and find the correct answer. 

14. The mean distance from the earth to the moon is 238 857 miles. Radio sig- 
nals travel at 299 792 458 m/s. How long does it take a radio signal to reach 
the moon? 
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15. Your plant manager asks you to investigate two machines. The cost of elec- 
tricity for operating machine #1 is 43 cents/minute, while that for machine 
#2 is $200.00 per 8-hour shift. The purchase price and production capacity 
for both machines are identical. Based on this information, which machine 
should you purchase and why? 

16. Given that 1 hp = 550 ft-lb/s, 1 ft = 0.3048 m, 1 lb - 4.448 N, 1 J = 1 N- 
m, and 1 W = 1 J/s, show that 1 hp = 746 W. 



1.4 Power of Ten Notation 



17. Express each of the following in power of ten notation with one nonzero 
digit to the left of the decimal point: 

a. 8675 b. 0.008 72 

c. 12.4 X 10 2 d. 37.2 X 1(T 2 

e. 0.003 48 X 10 5 f. 0.000 215 X 1(T 3 

g. 14.7 X 10° 

18. Express the answer for each of the following in power of ten notation with 
one nonzero digit to the left of the decimal point. 

a. (17.6)(100) 

b. (1400)(27 X 10“ 3 ) 

c. (0.15 X 10 6 )(14 X 10“ 4 ) 

d. 1 X 1(T 7 X 10~ 4 X 10.65 

e. (12.5X1000X0.01) 

f. (18.4 X 10°)(100)(1.5 X 10~ 5 )(0.001) 



19. Repeat the directions in Question 
125 

a ' 1000 
3 X 10 4 
C ' (1.5 X 10 6 ) 



18 for each of the following. 

8 X 10 4 

b ' (0.001) 

(16 X 10~ 7 )(21.8 X 10 6 ) 
tL (14.2)(12 X 10~ 5 ) 



20. Determine answers for the following 

a. 123.7 + 0.05 + 1259 X 10~ 3 b. 72.3 X 10‘ 2 + 1 X 10~ 3 
c. 86.95 X 10 2 - 383 d. 452 X 10“ 2 + (697)(0.01) 

21 . Convert the following to power of 10 notation and, without using your cal- 
culator, determine the answers. 

a. (4 X 10 3 )(0.05) 2 

b. (4 X 10 3 )(— 0.05) 2 

(3 X 2 X 10) 2 
C ' (2 X 5 X 10 _1 ) 

(30 + 20r z (2.5 X 10 6 )(6000) 

(1 X 10 3 )(2 X 10” 1 ) 2 

(— 0.027) 1/3 (— 0.2) 2 

6 ' (23 + 1)° X 10~ 3 



Problems 



23 



22 . 



23. 



24. 



25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 



1.5 

33. 



For each of the following, convert the numbers to power of ten notation, 
then perform the indicated computations. Round your answer to four digits: 



a. (452)(6.73 X 10 4 ) b. 

c. (0.0892)/(0.000 067 3) d. 

e. (1.27) 3 + 47.9/(0.8) 2 f. 

g. [(0.0025) 172 ] [1 .6 X 10 4 ] h. 



. (3.5 X 10 4 )“ 2 X (0.0045) 2 X (729) 1/3 
[(0.008 72) X (47) 3 ] - 356 



(0.009 85)(4700) 

12.40 - 236 X 10“ 2 

(-643 X 10“ 3 ) 3 

[(— 0.027) 1/3 ]/[1.5 X 10“ 4 ] 



For the following, 

a. convert numbers to power of ten notation, then perform the indicated 
computation, 

b. perform the operation directly on your calculator without conversion. 
What is your conclusion? 



i. 842 X 0.0014 



.. 0.0352 

0.007 91 



Express each of the following in conventional notation: 
a. 34.9 X 10 4 b. 15.1 X 10° 

c. 234.6 X 10“ 4 d. 6.97 X 10“ 2 

e. 45 786.97 X 10 _1 f. 6.97 X 10“ 5 



One coulomb (Chapter 2) is the amount of charge represented by 6 240 000 
000 000 000 000 electrons. Express this quantity in power of ten notation. 

The mass of an electron is 0.000 000 000 000 000 000 000 000 000 000 899 
9 kg. Express as a power of 10 with one non-zero digit to the left of the dec- 
imal point. 

If 6.24 X 10 18 electrons pass through a wire in 1 s, how many pass through 
it during a time interval of 2 hr, 47 min and 10 s? 

Compute the distance traveled in meters by light in a vacuum in 1.2 X 10“ 8 
second. 

How long does it take light to travel 3.47 X 10 5 km in a vacuum? 

How far in km does light travel in one light-year? 

While investigating a site for a hydroelectric project, you determine that the 
flow of water is 3.73 X 10 4 m 3 /s. How much is this in liters/hour? 

YYl Jfl 

The gravitational force between two bodies is F = 6.6726 X 10“ 11 — - — 

r 

N, where masses m l and m 2 are in kilograms and the distance r between 
gravitational centers is in meters. If body 1 is a sphere of radius 5000 miles 
and density of 25 kg/m 3 , and body 2 is a sphere of diameter 20 000 km and 
density of 12 kg/m 3 , and the distance between centers is 100 000 miles, 
what is the gravitational force between them? 



Prefixes 

What is the appropriate prefix and its abbreviation for each of the following 
multipliers ? 

a. 1000 
c. 10 9 
e. 10“ 



-3 



b. 1 000 000 
d. 0.000 001 
f. 10“ 12 
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34. 



35. 



36. 



37. 



38. 



39. 



40. 

41. 

42. 



43. 

44. 



Express the following in terms of their abbreviations, e.g., microwatts as 
/xW. Pay particular attention to capitalization (e.g., V, not v, for volts). 



a. milliamperes 


b. 


kilovolts 


c. megawatts 


d. 


microseconds 


e. micrometers 


f. 


milliseconds 


g. nanoamps 

Express the following in the most sensible engineering notation (e.g., 1270 


/xs = 1.27 ms). 

a. 0.0015 s b. 0.000 027 s 


c. 0.000 35 ms 


Convert the following: 
a. 156 mV to volts 


b. 


0.15 mV to microvolts 


c. 47 kW to watts 


d. 


0.057 MW to kilowatts 


e. 3.5 X 10 4 volts to kilovolts 


f. 


0.000 035 7 amps to microamps 



Determine the values to be inserted in the blanks. 

a. 150 kV = X 10 3 V = X 10 6 V 

b. 330 /xW = X 10“ 3 W = X 10“ 5 W 

Perform the indicated operations and express the answers in the units indi- 
cated. 

a. 700 /xA - 0.4 mA = /xA = mA 

b. 600 MW + 300 X 10 4 W = MW 

Perform the indicated operations and express the answers in the units indi- 
cated. 

a. 330 V + 0.15 kV + 0.2 X 10 3 V = V 

b. 60 W + 100W + 2700 mW = W 

The voltage of a high voltage transmission line is 1.15 X 10 5 V. What is its 
voltage in kV? 

You purchase a 1500 W electric heater to heat your room. How many kW is 
this? 

While repairing an antique radio, you come across a faulty capacitor desig- 
nated 39 mmfd. After a bit of research, you find that “mmfd” is an obsolete 
unit meaning “micromicrofarads”. You need a replacement capacitor of 
equal value. Consulting Table 1-6, what would 39 “micromicrofarads” be 
equivalent to? 

A radio signal travels at 299 792.458 km/s and a telephone signal at 150 
m/jixs. If they originate at the same point, which arrives first at a destination 
5000 km away? By how much? 

a. If 0.045 coulomb of charge (Question 25) passes through a wire in 15 
ms, how many electrons is this? 

b. At the rate of 9.36 X 10 19 electrons per second, how many coulombs 
pass a point in a wire in 20 /xs? 
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FIGURE 1-10 



1.6 Significant Digits and Numerical Accuracy 

For each of the following, assume that the given digits are significant. 

45. Determine the answer to three significant digits: 

2.35 - 1.47 X 10“ 6 

46. Given V = IR. If I = 2.54 and R = 52.71, determine V to the correct num- 
ber of significant digits. 

47. If A = 4.05 ± 0.01 is divided by B = 2.80 ± 0.01, 

a. What is the smallest that the result can be? 

b. What is the largest that the result can be? 

c. Based on this, give the result A/B to the correct number of significant digits. 

48. The large black plastic component soldered onto the printed circuit board of 
Figure l-10(a) is an electronic device known as an integrated circuit. As 
indicated in (b), the center- to-center spacing of its leads (commonly called 
pins) is 0.8 ±0.1 mm. Pin diameters can vary from 0.25 to 0.45 mm. Con- 
sidering these uncertainties, 

a. What is the minimum distance between pins due to manufacturing toler- 
ances? 

b. What is the maximum distance? 

1.7 Circuit Diagrams 

49. Consider the pictorial diagram of Figure 1-11. Using the appropriate sym- 
bols from Table 1-7, draw this in schematic form. Hint: In later chapters, 
there are many schematic circuits containing resistors, inductors, and capac- 
itors. Use these as aids. 
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Iron-core 





FIGURE 1-11 

50. Draw the schematic diagram for a simple flashlight. 

1.8 Circuit Analysis Using Computers 

5 1 . Many electronic and computer magazines carry advertisements for com- 
puter software tools such as PSpice, SpiceNet, Mathcad, MLAB, Matlab, 
Maple V, plus others. Investigate a few of these magazines in your school’s 
library; by studying such advertisements, you can gain valuable insight into 
what modern software packages are able to do. 
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In-Process Learning Check 1 

1. One 

2. 1280 cm 

3. m/s 

4. a. 4.27 s b. 1.53 mV c. 1.23 ms 

5. a. 1.8 X 10 4 = 18 X 10 3 

b. 36 X 10 4 = 3.6 X 10 5 = 0.36 X 10 6 

c. 4.45 X 10 2 = 44.5 X 10 1 

d. 27 X 10“ 6 = 2.7 X 10“ 5 

6. a. 0.752 mA b. 980 /xV c. 400 /x s = 0.4 ms 



ANSWERS TO IN-PROCESS 
LEARNING CHECKS 
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Voltage and Current 



OBJECTIVES 

After studying this chapter, you will be 

able to 

• describe the makeup of an atom, 

• explain the relationships between 
valence shells, free electrons, and con- 
duction, 

• describe the fundamental (coulomb) 
force within an atom, and the energy 
required to create free electrons, 

• describe what ions are and how they are 
created, 

• describe the characteristics of conduc- 
tors, insulators, and semiconductors, 

• describe the coulomb as a measure of 
charge, 

• define voltage, 

• describe how a battery “creates” volt- 
age, 

• explain current as a movement of charge 
and how voltage causes current in a con- 
ductor, 

• describe important battery types and 
their characteristics, 

• describe how to measure voltage and 
current. 

KEY TERMS 

Ampere 

Atom 

Battery 

Cell 



Circuit Breaker 
Conductor 
Coulomb 
Coulomb’s Law 
Current 

Electric Charge 

Electron 

Free Electrons 

Fuse 

Insulator 

Ion 

Neutron 

Polarity 

Potential Difference 
Proton 

Semiconductor 

Shell 

Switch 

Valence 

Volt 

OUTLINE 

Atomic Theory Review 
The Unit of Electrical Charge: The 
Coulomb 
Voltage 
Current 

Practical DC Voltage Sources 
Measuring Voltage and Current 
Switches, Fuses, and Circuit Breakers 





A basic electric circuit consisting of a source of electrical energy, a switch, a 
load, and interconnecting wire is shown in Figure 2-1. When the switch is 
closed, current in the circuit causes the light to come on. This circuit is represen- 
tative of many common circuits found in practice, including those of flashlights 
and automobile headlight systems. We will use it to help develop an understand- 
ing of voltage and current. 




FIGURE 2-1 A basic electric circuit. 



Elementary atomic theory shows that the current in Figure 2-1 is actually a 
flow of charges. The cause of their movement is the “voltage” of the source. 
While in Figure 2-1 this source is a battery, in practice it may be any one of a 
number of practical sources including generators, power supplies, solar cells, and 
so on. 

In this chapter we look at the basic ideas of voltage and current. We begin 
with a discussion of atomic theory. This leads us to free electrons and the idea of 
current as a movement of charge. The fundamental definitions of voltage and 
current are then developed. Following this, we look at a number of common volt- 
age sources. The chapter concludes with a discussion of voltmeters and amme- 
ters and the measurement of voltage and current in practice. 



CHAPTER PREVIEW 
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PUTTING IT IN 
PERSPECTIVE 



The Equations of Circuit Theory 

In this chapter you meet the first of the equations and formulas that we use 
to describe the relationships of circuit theory. Remembering formulas is made 
easier if you clearly understand the principles and concepts on which they are 
based. As you may recall from high school physics, formulas can come about 
in only one of three ways, through experiment, by definition, or by mathemati- 
cal manipulation. 

Experimental Formulas 

Circuit theory rests on a few basic experimental results. These are results that 
can be proven in no other way; they are valid solely because experiment has 
shown them to be true. The most fundamental of these are called “laws.” Four 
examples are Ohm’s law, Kirchhoff’s current law, Kirchhoff’s voltage law, and 
Faraday’s law. (These laws will be met in various chapters throughout the 
book.) When you see a formula referred to as a law or an experimental result, 
remember that it is based on experiment and cannot be obtained in any other 
way. 

Defined Formulas 

Some formulas are created by definition, i.e., we make them up. For example, 
there are 60 seconds in a minute because we define the second as 1/60 of a 
minute. From this we get the formula £ sec = 60 X t min . 

Derived Formulas 

This type of formula or equation is created mathematically by combining or 
manipulating other formulas. In contrast to the other two types of formulas, the 
only way that a derived relationship can be obtained is by mathematics. 

An awareness of where circuit theory formulas come from is important to 
you. This awareness not only helps you understand and remember formulas, it 
helps you understand the very foundations of the theory — the basic experimen- 
tal premises upon which it rests, the important definitions that have been made, 
and the methods by which these foundation ideas have been put together. This 
can help enormously in understanding and remembering concepts. 



2.1 Atomic Theory Review 

The basic structure of an atom is shown symbolically in Figure 2-2. It con- 
sists of a nucleus of protons and neutrons surrounded by a group of orbiting 
electrons. As you learned in physics, the electrons are negatively charged 
(— ), while the protons are positively charged (+). Each atom (in its normal 
state) has an equal number of electrons and protons, and since their charges 
are equal and opposite, they cancel, leaving the atom electrically neutral, i.e., 
with zero net charge. The nucleus, however, has a net positive charge, since 
it consists of positively charged protons and uncharged neutrons. 
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Electron 

(negative charge) 




0 Proton (positive charge) 




FIGURE 2-2 Bohr model of the atom. Electrons travel around the nucleus at incredible 
speeds, making billions of trips in a fraction of a second. The force of attraction between 
the electrons and the protons in the nucleus keeps them in orbit. 



The basic structure of Figure 2-2 applies to all elements, but each ele- 
ment has its own unique combination of electrons, protons, and neutrons. 
For example, the hydrogen atom, the simplest of all atoms, has one proton 
and one electron, while the copper atom has 29 electrons, 29 protons, and 35 
neutrons. Silicon, which is important because of its use in transistors and 
other electronic devices, has 14 electrons, 14 protons, and 14 neutrons. 

Electrons orbit the nucleus in spherical orbits called shells, designated 
by letters K, L, M, N, and so on (Figure 2-3). Only certain numbers of elec- 
trons can exist within any given shell. For example, there can be up to 2 
electrons in the K shell, up to 8 in the L shell, up to 18 in the M shell, and up 
to 32 in the N shell. The number in any shell depends on the element. For 
instance, the copper atom, which has 29 electrons, has all three of its inner 
shells completely filled but its outer shell (shell AO has only 1 electron, Fig- 
ure 2-4. This outermost shell is called its valence shell, and the electron in it 
is called its valence electron. 

No element can have more than eight valence electrons; when a valence 
shell has eight electrons, it is filled. As we shall see, the number of valence 
electrons that an element has directly affects its electrical properties. 




Nucleus 



-'L / / 
.^M / 

' N 



FIGURE 2-3 Simplified representa- 
tion of the atom. Electrons travel in 
spherical orbits called “shells.” 
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Electrical Charge 

In the previous paragraphs, we mentioned the word “charge”. However, we 
need to look at its meaning in more detail. First, we should note that electri- 
cal charge is an intrinsic property of matter that manifests itself in the form 
of forces — electrons repel other electrons but attract protons, while protons 
repel each other but attract electrons. It was through studying these forces 
that scientists determined that the charge on the electron is negative while 
that on the proton is positive. 

However, the way in which we use the term “charge” extends beyond 
this. To illustrate, consider again the basic atom of Figure 2-2. It has equal 
numbers of electrons and protons, and since their charges are equal and 
opposite, they cancel, leaving the atom as a whole uncharged. However, if 
the atom acquires additional electrons (leaving it with more electrons than 
protons), we say that it (the atom) is negatively charged; conversely, if it 
loses electrons and is left with fewer electrons than protons, we say that it is 
positively charged. The term “charge” in this sense denotes an imbalance 
between the number of electrons and protons present in the atom. 

Now move up to the macroscopic level. Here, substances in their normal 
state are also generally uncharged; that is, they have equal numbers of elec- 
trons and protons. However, this balance is easily disturbed — electrons can 
be stripped from their parent atoms by simple actions such as walking across 
a carpet, sliding off a chair, or spinning clothes in a dryer. (Recall “static 
cling”.) Consider two additional examples from physics. Suppose you rub an 
ebonite (hard rubber) rod with fur. This action causes a transfer of electrons 
from the fur to the rod. The rod therefore acquires an excess of electrons and 
is thus negatively charged. Similarly, when a glass rod is rubbed with silk, 
electrons are transferred from the glass rod to the silk, leaving the rod with a 
deficiency and, consequently, a positive charge. Here again, charge refers to 
an imbalance of electrons and protons. 

As the above examples illustrate, “charge” can refer to the charge on an 
individual electron or to the charge associated with a whole group of elec- 
trons. In either case, this charge is denoted by the letter Q, and its unit of mea- 
surement in the SI system is the coulomb. (The definition of the coulomb is 
considered shortly.) In general, the charge Q associated with a group of elec- 
trons is equal to the product of the number of electrons times the charge on 
each individual electron. Since charge manifests itself in the form of forces, 
charge is defined in terms of these forces. This is discussed next. 
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Coulomb’s Law 

The force between charges was studied by the French scientist Charles 
Coulomb (1736-1806). Coulomb determined experimentally that the force 
between two charges Q x and Q 2 (Figure 2-5) is directly proportional to the 
product of their charges and inversely proportional to the square of the dis- 
tance between them. Mathematically, Coulomb’s law states 

F = k ^ l! p 2 [newtons, N] (2-1) 

r 

where Q x and Q 2 are the charges in coulombs, r is the center-to-center spac- 
ing between them in meters, and k — 9 X 10 9 . Coulomb’s law applies to 
aggregates of charges as in Figure 2-5 (a) and (b), as well as to individual 
electrons within the atom as in (c). 

As Coulomb’s law indicates, force decreases inversely as the square of 
distance; thus, if the distance between two charges is doubled, the force 
decreases to (V 2) 2 = l A (i.e., one quarter) of its original value. Because of 
this relationship, electrons in outer orbits are less strongly attracted to the 
nucleus than those in inner orbits; that is, they are less tightly bound to the 
nucleus than those close by. Valence electrons are the least tightly bound and 
will, if they acquire sufficient energy, escape from their parent atoms. 

Free Electrons 

The amount of energy required to escape depends on the number of electrons 
in the valence shell. If an atom has only a few valence electrons, only a small 
amount of additional energy is needed. For example, for a metal like copper, 
valence electrons can gain sufficient energy from heat alone (thermal energy), 
even at room temperature, to escape from their parent atoms and wander from 
atom to atom throughout the material as depicted in Figure 2-6. (Note that 
these electrons do not leave the substance, they simply wander from the 
valence shell of one atom to the valence shell of another. The material there- 
fore remains electrically neutral.) Such electrons are called free electrons. In 
copper, there are of the order of 10 23 free electrons per cubic centimeter at 
room temperature. As we shall see, it is the presence of this large number of 
free electrons that makes copper such a good conductor of electric current. On 
the other hand, if the valence shell is full (or nearly full), valence electrons are 
much more tightly bound. Such materials have few (if any) free electrons. 




(a) Like charges 
repel 

P 

ok 

(b) Unlike charges 
attract 




(c) The force of attraction 
keeps electrons in orbit 

FIGURE 2-5 Coulomb law forces. 




FIGURE 2-6 Random motion of free 
electrons in a conductor. 



Ions 

As noted earlier, when a previously neutral atom gains or loses an electron, it 
acquires a net electrical charge. The charged atom is referred to as an ion. If 
the atom loses an electron, it is called a positive ion; if it gains an electron, it 
is called a negative ion. 



Conductors, Insulators, and Semiconductors 

The atomic structure of matter affects how easily charges, i.e., electrons, 
move through a substance and hence how it is used electrically. Electrically, 
materials are classified as conductors, insulators, or semiconductors. 
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Conductors 

Materials through which charges move easily are termed conductors. The 
most familiar examples are metals. Good metal conductors have large num- 
bers of free electrons that are able to move about easily. In particular, silver, 
copper, gold, and aluminum are excellent conductors. Of these, copper is the 
most widely used. Not only is it an excellent conductor, it is inexpensive and 
easily formed into wire, making it suitable for a broad spectrum of applica- 
tions ranging from common house wiring to sophisticated electronic equip- 
ment. Aluminum, although it is only about 60% as good a conductor as cop- 
per, is also used, mainly in applications where light weight is important, 
such as in overhead power transmission lines. Silver and gold are too expen- 
sive for general use. However, gold, because it oxidizes less than other mate- 
rials, is used in specialized applications; for example, some critical electrical 
connectors use it because it makes a more reliable connection than other 
materials. 

Insulators 

Materials that do not conduct (e.g., glass, porcelain, plastic, rubber, and so 
on) are termed insulators. The covering on electric lamp cords, for example, 
is an insulator. It is used to prevent the wires from touching and to protect us 
from electric shock. 

Insulators do not conduct because they have full or nearly full valence 
shells and thus their electrons are tightly bound. However, when high 
enough voltage is applied, the force is so great that electrons are literally torn 
from their parent atoms, causing the insulation to break down and conduc- 
tion to occur. In air, you see this as an arc or flashover. In solids, charred 
insulation usually results. 

Semiconductors 

Silicon and germanium (plus a few other materials) have half-filled valence 
shells and are thus neither good conductors nor good insulators. Known as 
semiconductors, they have unique electrical properties that make them 
important to the electronics industry. The most important material is silicon. 
It is used to make transistors, diodes, integrated circuits, and other electronic 
devices. Semiconductors have made possible personal computers, VCRs, 
portable CD players, calculators, and a host of other electronic products. You 
will study them in great detail in your electronics courses. 




IN-PROCESS 

LEARNING 
CHECK 1 



1. Describe the basic structure of the atom in terms of its constituent particles: 
electrons, protons, and neutrons. Why is the nucleus positively charged? Why 
is the atom as a whole electrically neutral? 

2. What are valence shells? What does the valence shell contain? 

3. Describe Coulomb’s law and use it to help explain why electrons far from the 
nucleus are loosely bound. 

4. What are free electrons? Describe how they are created, using copper as an 
example. Explain what role thermal energy plays in the process. 

5. Briefly distinguish between a normal (i.e., uncharged) atom, a positive ion, 
and a negative ion. 
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6. Many atoms in Figure 2-6 have lost electrons and are thus positively charged, 
yet the substance as a whole is uncharged. Why? 

( Answers are at the end of the chapter. ) 



2.2 The Unit of Electrical Charge: The Coulomb 

As noted in the previous section, the unit of electrical charge is the coulomb 
(C). The coulomb is defined as the charge carried by 6.24 X 10 18 electrons. 
Thus, if an electrically neutral (i.e., uncharged) body has 6.24 X 10 18 elec- 
trons removed, it will be left with a net positive charge of 1 coulomb, i.e., 
Q = 1C. Conversely, if an uncharged body has 6.24 X 10 18 electrons added, 
it will have a net negative charge of 1 coulomb, i.e., Q = —1C. Usually, 
however, we are more interested in the charge moving through a wire. In this 
regard, if 6.24 X 10 18 electrons pass through a wire, we say that the charge 
that passed through the wire is 1 C. 

We can now determine the charge on one electron. It is Q e — 1/(6. 24 X 
10 18 ) = 1.60 X 1(T 19 C. 



EXAMPLE 2-1 An initially neutral body has 1.7 pC of negative charge 
removed. Later, 18.7 X 10 11 electrons are added. What is the body’s final 
charge? 

Solution Initially the body is neutral, i.e., 2 imtial = 0 C. When 1.7 pC of 
electrons is removed, the body is left with a positive charge of 1.7 pC. Now, 
18.7 X 10 11 electrons are added back. This is equivalent to 



18.7 X 10 11 electrons X 



1 coulomb 

6.24 X 10 18 electrons 



0.3 pC 



of negative charge. The final charge on the body is therefore Q f = 1.7 /xC — 

0.3 p C = +1.4 p C. 



To get an idea of how large a coulomb is, we can use Coulomb’s law. If 
two charges of 1 coulomb each were placed one meter apart, the force 
between them would be 

(1 Qd O 

F = (9 X 10 9 ) — = 9 X 10 9 N, i.e., about 1 million tons! 

(1 m) 



1. Positive charges Q x = 2 pC and Q 2 = 12 pC are separated center to center by ^ PRACTICE 

10 mm. Compute the force between them. Is it attractive or repulsive? PROBLEMS 1 

2. Two equal charges are separated by 1 cm. If the force of repulsion between 
them is 9.7 X 10 -2 N, what is their charge? What may the charges be, both 
positive, both negative, or one positive and one negative? 

3. After 10.61 X 10 13 electrons are added to a metal plate, it has a negative 
charge of 3 pC. What was its initial charge in coulombs? 

Answers: 1. 2160 N, repulsive; 2. 32.8 nC, both (+) or both (—); 3. 14 pC (+) 



36 Chapter 2 ■ Voltage and Current 



+ , + Voltage 



+ _j_ difference 

+ + + + 



Voltage difference 
+ N *+ + + + + + + 




2.3 Voltage 

When charges are detached from one body and transferred to another, a 
potential difference or voltage results between them. A familiar example is 
the voltage that develops when you walk across a carpet. Voltages in excess 
of ten thousand volts can be created in this way. (We will define the volt rig- 
orously very shortly.) This voltage is due entirely to the separation of posi- 
tive and negative charges. 

Figure 2-7 illustrates another example. During electrical storms, elec- 
trons in thunderclouds are stripped from their parent atoms by the forces of 
turbulence and carried to the bottom of the cloud, leaving a deficiency of 
electrons (positive charge) at the top and an excess (negative charge) at the 
bottom. The force of repulsion then drives electrons away beneath the cloud, 
leaving the ground positively charged. Hundreds of millions of volts are cre- 
ated in this way. (This is what causes the air to break down and a lightning 
discharge to occur.) 



FIGURE 2-7 Voltages created by 
separation of charges in a thunder 
cloud. The force of repulsion drives 
electrons away beneath the cloud, cre- 
ating a voltage between the cloud and 
ground as well. If voltage becomes 
large enough, the air breaks down and a 
lightning discharge occurs. 



Practical Voltage Sources 

As the preceding examples show, voltage is created solely by the separation 
of positive and negative charges. However, static discharges and lightning 
strikes are not practical sources of electricity. We now look at practical 
sources. A common example is the battery. In a battery, charges are sepa- 
rated by chemical action. An ordinary flashlight battery (dry cell) illustrates 
the concept in Figure 2-8. The inner electrode is a carbon rod and the outer 
electrode is a zinc case. The chemical reaction between the ammonium-chlo- 
ride/manganese-dioxide paste and the zinc case creates an excess of elec- 




The source of Figure 2-8 is 
more properly called a cell than 
a battery, since “cell” refers to a 
single cell while “battery” refers 
to a group of cells. However, 
through common usage, such 
cells are referred to as batteries. 
In what follows, we will also 
call them batteries. 



Metal cover and 
' positive terminal 




Seal 

Insulated Spacer 
Carbon rod (+) 

Ammonium 
chloride 
and manganese 
dioxide mix 

Zinc case (— ) 

Jacket 



(a) Basic construction. 




(b) C cell, commonly called a flashlight 
battery. 



FIGURE 2-8 Carbon-zinc cell. Voltage is created by the separation of charges due to 
chemical action. Nominal cell voltage is 1.5 V. 
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trons; hence, the zinc carries a negative charge. An alternate reaction leaves 
the carbon rod with a deficiency of electrons, causing it to be positively 
charged. These separated charges create a voltage (1.5 V in this case) 
between the two electrodes. The battery is useful as a source since its chemi- 
cal action creates a continuous supply of energy that is able to do useful 
work, such as light a lamp or run a motor. 



Potential Energy 

The concept of voltage is tied into the concept of potential energy. We there- 
fore look briefly at energy. 

In mechanics, potential energy is the energy that a body possesses 
because of its position. For example, a bag of sand hoisted by a rope over a 
pulley has the potential to do work when it is released. The amount of work 
that went into giving it this potential energy is equal to the product of force 
times the distance through which the bag was lifted (i.e., work equals force 
times distance). 

In a similar fashion, work is required to move positive and negative 
charges apart. This gives them potential energy. To understand why, consider 
again the cloud of Figure 2-7. Assume the cloud is initially uncharged. Now 
assume a charge of Q electrons is moved from the top of the cloud to the 
bottom. The positive charge left at the top of the cloud exerts a force on the 
electrons that tries to pull them back as they are being moved away. Since 
the electrons are being moved against this force, work (force times distance) 
is required. Since the separated charges experience a force to return to the 
top of the cloud, they have the potential to do work if released, i.e., they pos- 
sess potential energy. 



Definition of Voltage: The Volt 

In electrical terms, a difference in potential energy is defined as voltage. In 
general, the amount of energy required to separate charges depends on the 
voltage developed and the amount of charge moved. By definition, the volt- 
age between two points is one volt if it requires one joule of energy to move 
one coulomb of charge from one point to the other In equation form, 

V = H [volts, V] (2-2) 

where W is energy in joules, Q is charge in coulombs, and V is the resulting 
voltage in volts. 

Note carefully that voltage is defined between points. For the case of the 
battery, for example, voltage appears between its terminals. Thus, voltage 
does not exist at a point by itself; it is always determined with respect to 
some other point. (For this reason, voltage is also called potential differ- 
ence. We often use the terms interchangeably.) Note also that, although we 
considered static electricity in developing the energy argument, the same 
conclusion results regardless of how you separate the charges; this may be 
by chemical means as in a battery, by mechanical means as in a generator, by 
photoelectric means as in a solar cell, and so on. 
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Alternate arrangements of Equation 2-2 are useful: 

W = QV [joules, J] (2-3) 

Q = [coulombs, C] (2-4) 



" EXAMPLE 2-2 If it takes 35 J of energy to move a charge of 5 C from one 
point to another, what is the voltage between the two points? 



Solution 



W = 35J_ 
Q 5 C 



= 7 J/C = 7 V 




PRACTICE 
PROBLEMS 2 



1. The voltage between two points is 19 V. How much energy is required to 
move 67 X 10 18 electrons from one point to the other? 

2. The potential difference between two points is 140 mV. If 280 /xJ of work are 
required to move a charge Q from one point to the other, what is Q ? 

Answers: 1. 204 J 2. 2 mC 



+ 






(a) Symbol for a cell 



Although Equation 2-2 is the formal definition of voltage, it is a bit 
abstract. A more satisfying way to look at voltage is to view it as the force or 
“push” that moves electrons around a circuit. This view is looked at in great 
detail, starting in Chapter 4 where we consider Ohm’s law. For the moment, 
however, we will stay with Equation 2-2, which is important because it pro- 
vides the theoretical foundation for many of the important circuit relation- 
ships that you will soon encounter. 




(b) Symbol for a battery 



1.5 V 



+i 

-T 



Symbol for DC Voltage Sources 

Consider again Figure 2-1. The battery is the source of electrical energy that 
moves charges around the circuit. This movement of charges, as we will soon 
see, is called an electric current. Because one of the battery’s terminals is 
always positive and the other is always negative, current is always in the same 
direction. Such a unidirectional current is called dc or direct current, and the 
battery is called a dc source. Symbols for dc sources are shown in Figure 2-9. 
The long bar denotes the positive terminal. On actual batteries, the positive 
terminal is usually marked POS (+) and the negative terminal NEG (— ). 



(c) A 1.5 volt battery 

FIGURE 2-9 Battery symbol. The 
long bar denotes the positive terminal 
and the short bar the negative terminal. 
Thus, it is not necessary to put + and 
— signs on the diagram. For simplicity, 
we use the symbol shown in (a) 
throughout this book. 



2.4 Current 

Earlier, you learned that there are large numbers of free electrons in metals 
like copper. These electrons move randomly throughout the material (Figure 
2-6), but their net movement in any given direction is zero. 

Assume now that a battery is connected as in Figure 2-10. Since elec- 
trons are attracted by the positive pole of the battery and repelled by the neg- 



Section 2.4 



Current 



39 



When the amount of charge that 
passes a point in one second is 
' one coulomb, the current is 
one ampere 




Lamp 



FIGURE 2-10 Electron flow in a conductor. Electrons (— ) are attracted to the positive 
(+) pole of the battery. As electrons move around the circuit, they are replenished at the 
negative pole of the battery. This flow of charge is called an electric current. 



ative pole, they move around the circuit, passing through the wire, the lamp, 
and the battery. This movement of charge is called an electric current. The 
more electrons per second that pass through the circuit, the greater is the cur- 
rent. Thus, current is the rate of flow (or rate of movement) of charge. 



The Ampere 

Since charge is measured in coulombs, its rate of flow is coulombs per sec- 
ond. In the SI system, one coulomb per second is defined as one ampere 
(commonly abbreviated A). From this, we get that one ampere is the current 
in a circuit when one coulomb of charge passes a given point in one second 
(Figure 2-10). The symbol for current is I. Expressed mathematically, 



1 = 



Q 

t 



[amperes, A] 



(2-5) 



where Q is the charge (in coulombs) and t is the time interval (in seconds) 
over which it is measured. In Equation 2-5, it is important to note that t does 
not represent a discrete point in time but is the interval of time during which 
the transfer of charge occurs. Alternate forms of Equation 2-5 are 



and 



Q = It [coulombs, C] 



( 2 - 6 ) 




[seconds, s] 



(2-7) 



EXAMPLE 2-3 If 840 coulombs of charge pass through the imaginary 
plane of Figure 2-10 during a time interval of 2 minutes, what is the current? 



Solution Convert t to seconds. Thus, 



Q = 840 C 

t (2 X 60)s 



7 C/s = 7 A 



40 Chapter 2 ■ Voltage and Current 




PRACTICE 
PROBLEMS 3 



1. Between t = 1 ms and t = 14 ms, 8 /xC of charge pass through a wire. What 
is the current? 

2. After the switch of Figure 2-1 is closed, current I = 4 A. How much charge 
passes through the lamp between the time the switch is closed and the time 
that it is opened 3 minutes later? 

Answers: 1. 0.615 mA 2. 720 C 



Although Equation 2-5 is the theoretical definition of current, we never 
actually use it to measure current. In practice, we use an instrument called an 
ammeter (Section 2.6). However, it is an extremely important equation that 
we will soon use to develop other relationships. 

Current Direction 

In the early days of electricity, it was believed that current was a movement 
of positive charge and that these charges moved around the circuit from the 
positive terminal of the battery to the negative as depicted in Figure 2-1 1(a). 
Based on this, all the laws, formulas, and symbols of circuit theory were 
developed. (We now refer to this direction as the conventional current 
direction.) After the discovery of the atomic nature of matter, it was learned 
that what actually moves in metallic conductors are electrons and that they 
move through the circuit as in Figure 2-1 1(b). This direction is called the 
electron flow direction. However, because the conventional current direc- 
tion was so well established, most users stayed with it. We do likewise. Thus, 
in this book , the conventional direction for current is used . 




(a) Conventional current direction (b) Electron flow direction 

FIGURE 2-11 Conventional current versus electron flow. In this book, we use conven- 
tional current. 



Alternating Current (AC) 

So far, we have considered only dc. Before we move on, we will briefly 
mention ac or alternating current. Alternating current is current that 
changes direction cyclically, i.e., charges alternately flow in one direction, 
then in the other in a circuit. The most common ac source is the commercial 
ac power system that supplies energy to your home. We mention it here 
because you will encounter it briefly in Section 2.5. It is covered in detail in 
Chapter 15. 
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1. Body A has a negative charge of 0.2 p,C and body B has a charge of 0.37 /jlC 
(positive). If 87 X 10 12 electrons are transferred from A to B, what are the 
charges in coulombs on A and on B after the transfer? 

2. Briefly describe the mechanism of voltage creation using the carbon-zinc cell 
of Figure 2-8 to illustrate. 

3. When the switch in Figure 2-1 is open, the current is zero, yet free electrons 
in the copper wire are moving about. Describe their motion. Why does their 
movement not constitute an electric current? 

4. If 12.48 X 10 20 electrons pass a certain point in a circuit in 2.5 s, what is the 
current in amperes? 

5. For Figure 2-1, assume a 12-V battery. The switch is closed for a short 
interval, then opened. If I = 6 A and the battery expends 230 040 J moving 
charge through the circuit, how long was the switch closed? 

(Answers are at the end of the chapter. ) 




IN-PROCESS 

LEARNING 
CHECK 2 



2.5 Practical DC Voltage Sources 

Batteries 

Batteries are the most common dc source. They are made in a variety of 
shapes, sizes, and ratings, from miniaturized button batteries capable of 
delivering only a few microamps to large automotive batteries capable of 
delivering hundreds of amps. Common sizes are the AAA, AA, C, and D as 
illustrated in the various photos of this chapter. All batteries use unlike con- 
ductive electrodes immersed in an electrolyte. Chemical interaction between 
the electrodes and the electrolyte creates the voltage of the battery. 

Primary and Secondary Batteries 

Batteries eventually become “discharged.” Some types of batteries, however, 
can be “recharged.” Such batteries are called secondary batteries. Other 
types, called primary batteries, cannot be recharged. A familiar example of 
a secondary battery is the automobile battery. It can be recharged by passing 
current through it opposite to its discharge direction. A familiar example of a 
primary cell is the flashlight battery. 

Types of Batteries and Their Applications 

The voltage of a battery, its service life, and other characteristics depend on 
the material from which it is made. 

Alkaline 

This is one of the most widely used, general-purpose primary cells available. 
Alkaline batteries are used in flashlights, portable radios, TV remote con- 
trollers, cassette players, cameras, toys, and so on. They come in various 
sizes as depicted in Figure 2-12. Alkaline batteries provide 50% to 100% 
more total energy for the same size unit than carbon-zinc cells. Their nomi- 
nal cell voltage is 1.5 V. 
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FIGURE 2-12 Alkaline batteries. From left to right, a 9-V rectangular battery, an AAA 
cell, a D cell, an AA cell, and a C cell. 



Carbon-Zinc 

Also called a dry cell, the carbon-zinc battery was for many years the most 
widely used primary cell, but it is now giving way to other types such as 
the alkaline battery. Its nominal cell voltage is 1.5 volts. 

Lithium 

Lithium batteries (Figure 2-13) feature small size and long life (e.g., shelf 
lives of 10 to 20 years). Applications include watches, pacemakers, cameras, 





FIGURE 2-13 An assortment of lithium batteries. The battery on the computer moth- 
erboard is for memory backup. 
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and battery backup of computer memories. Several types of lithium cells are 
available, with voltages from of 2 V to 3.5 V and current ratings from the 
microampere to the ampere range. 

Nickel- Cadmium 

Commonly called “Ni-Cads,” these are the most popular, general-purpose 
rechargeable batteries available. They have long service lives, operate over 
wide temperature ranges, and are manufactured in many styles and sizes, 
including C, D, AAA, and AA. Inexpensive chargers make it economically 
feasible to use nickel-cadmium batteries for home entertainment equip- 
ment. 

Lead-Acid 

This is the familiar automotive battery. Its basic cell voltage is about 2 
volts, but typically, six cells are connected internally to provide 12 volts at 
its terminals. Lead-acid batteries are capable of delivering large current (in 
excess of 100 A) for short periods as required, for example, to start an 
automobile. 



Battery Capacity 

Batteries run down under use. Their capacity is specified in ampere-hours 
(Ah). The ampere-hour rating of a battery is equal to the product of its cur- 
rent drain times the length of time that you can expect to draw the specified 
current before the battery becomes unusable. For example, a battery rated at 
200 Ah can theoretically supply 20 A for 10 h, or 5 A for 40 h, etc. The rela- 
tionship between capacity, life, and current drain is 



capacity 

life = - — 

current drain 



( 2 - 8 ) 



The capacity of batteries is not a fixed value as suggested above but is 
affected by discharge rates, operating schedules, temperature, and other fac- 
tors. At best, therefore, capacity is an estimate of expected life under certain 
conditions. Table 2-1 illustrates approximate service capacities for several 



TABLE 2-1 Capacity-Current Drain 
of Selected Carbon-Zinc Cells 



5.) In addition, battery voltage is affected by temperature and other factors 
that affect their chemical activity. However, these factors are not considered 
in this book. 



Starting 

Drain 



Service 

Life 



sizes of carbon-zinc batteries at three values of current drain at 21°C. Under 


Cell 


(mA) 


(h) 


the conditions listed, the AA cell has a capacity of (3 mA)(450 h) = 1350 


AA 


3.0 


450 


mAh at a drain of 3 mA, but its capacity decreases to (30 mA)(32 h) = 960 




15.0 


80 


mAh at a drain of 30 mA. Figure 2-14 shows a typical variation of capacity 




30.0 


32 


of a Ni-Cad battery with changes in temperature. 


C 


5.0 


520 






25.0 


115 






50.0 


53 


Other Characteristics 


D 


10.0 


525 


Because batteries are not perfect, their terminal voltage drops as the amount 




50.0 


125 


of current drawn from them increases. (This issue is considered in Chapter 




100.0 


57 



Courtesy T. R. Crompton, Battery Reference 
Book, Butterworths & Co. (Publishers) Ltd, 
1990. 
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FIGURE 2-14 Typical variation of capacity versus temperature for a Ni-Cad battery. 



EXAMPLE 2-4 Assume the battery of Figure 2-14 has a capacity of 240 
Ah at 25°C. What is its capacity at - 15°C? 

Solution From the graph, capacity at — 15°C is down to 65%. Thus, capac- 
ity = 0.65 X 240 = 156 Ah. 



Cells in Series and Parallel 

Cells may be connected as in Figures 2-15 and 2-16 to increase their volt- 
age and current capabilities. This is discussed in later chapters. 

Electronic Power Supplies 

Electronic systems such as TV sets, VCRs, computers, and so on, require dc for 
their operation. Except for portable units which use batteries, they obtain their 
power from the commercial ac power lines by means of built-in power supplies 



(a) For ideal sources, total voltage is 
the sum of the cell voltages 



° 

1.5 V -±- 

1.5 V ~^f=- 

o 



+ 

3V 



(b) Schematic representation 




(a) Terminal voltage remains 
unchanged. 



(b) Schematic representation 



FIGURE 2-15 Cells connected in 
series to increase the available voltage. 



FIGURE 2-16 Cells connected in parallel to increase the available current. (Both must 
have the same voltage.) Do not do this for extended periods of time. 
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(Figure 2-17). Such supplies convert the incoming ac to the dc voltages 
required by the equipment. Power supplies are also used in electronic labora- 
tories. These are usually variable to provide the range of voltages needed for 
prototype development and circuit testing. Figure 2-18 shows a variable 
supply. 




FIGURE 2-17 Fixed power supplies. ( Courtesy of Condor DC Power Supplies Inc.) 




FIGURE 2-18 Variable laboratory power supply. 
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Solar Cells 

Solar cells convert light energy to electrical energy using photovoltaic 
means. The basic cell consists of two layers of semiconductor material. 
When light strikes the cell, many electrons gain enough energy to cross from 
one layer to the other to create a dc voltage. 

Solar energy has a number of practical applications. Figure 2-19, for 
example, shows an array of solar panels supplying power to a commercial ac 
network. In remote areas, solar panels are used to power communications 
systems and irrigation pumps. In space, they are used to power satellites. In 
everyday life, they are used to power hand-held calculators. 

DC Generators 

Direct current (dc) generators, which convert mechanical energy to electrical 
energy, are another source of dc. They create voltage by means of a coil of 
wire rotated through a magnetic field. Their principle of operation is similar 
to that of ac generators (discussed in Chapter 15). 




FIGURE 2-19 Solar panels. Davis California Pacific Gas & Electric PVUSA (Photo- 
voltaic for Utility Scale Applications). Solar panels produce dc which must be converted 
to ac before being fed into the ac system. This plant is rated at 174 kilowatts. ( Courtesy 
Siemens Solar Industries, Camarillo, California ) 



2.6 Measuring Voltage and Current 

Voltage and current are measured in practice using instruments called volt- 
meters and ammeters. While voltmeters and ammeters are available as 
individual instruments, they are more commonly combined into a multipur- 
pose instrument called a multimeter or VOM (volt-ohm-milliammeter). 
Figure 2-20 shows both digital and analog multimeters. Analog instruments 
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use a needle pointer to indicate measured values, while digital instruments 
use a numeric readout. Digital instruments are more popular than analog 
types because they are easier to use. 




(a) Analog multimeter. 




(b) Hand-held digital multimeter (DMM). 

( Reproduced with permission from the John Fluke 
Mfg. Co., Inc.) 



FIGURE 2-20 Multimeters. These are multipurpose test instruments that you can use 
to measure voltage, current and resistance. Some meters use terminal markings of + and 
others use VH and COM and so on. Color coded test leads (red and black) are indus- 
try standard. 



Setting the Multimeter for Voltage and Current Measurement 

In what follows, we will concentrate on the digital multimeter (DMM) and 
leave the analog instruments to your lab course. (It should be noted however 
that many of the comments below also apply to analog instruments.) 

Multimeters typically have a set of terminals marked VO, A, and COM 
as can be seen in Figure 2-20, as well as a function selector switch or set 
of push buttons that permit you to select functions and ranges. Terminal 
VO is the terminal to use to measure voltage and resistance, while terminal 
A is used for current measurement. The terminal marked COM is the com- 
mon terminal for all measurements. (Some multimeters combine the VO 
and A terminals into one terminal marked VOA.) On many instruments the 
VO terminal is called the + terminal and the COM terminal is called the 
— terminal, Figure 2-21. 
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NOTES... 



DMMs as Learning Tools 

Voltage and current as presented 
earlier in this chapter are rather 
abstract concepts involving 
energy, charge, and charge 
movement. Voltmeters and 
ammeters are introduced at this 
point to help present the ideas in 
more physically meaningful 
terms. In particular, we concen- 
trate on DMMs. Experience has 
shown them to be powerful 
learning tools. For example, 
when dealing with the some- 
times difficult topics of voltage 
polarity conventions, current 
direction conventions, and so on 
(as in later chapters), the use of 
DMMs showing readings com- 
plete with signs for voltage 
polarity and current direction 
provides clarity and aids under- 
standing in a way that simply 
drawing arrows and putting 
numbers on diagrams does not. 
You will find that in the first few 
chapters of this book DMMs are 
used for this purpose quite fre- 
quently. 



Voltage Select 

When set to dc voltage (V), the meter measures the dc voltage between its 
VD (or +) and COM (or — ) terminals. In Figure 2-2 1(a), for example, 
with its leads placed across a 47.2-volt source, the instrument indicates 
47.2 V. 

Current Select 

When set to dc current (A), the multimeter measures the dc current passing 
through it, i.e., the current entering its A (or +) terminal and leaving its 
COM (or — ) terminal. In Figure 2-2 1(b), the meter measures and displays a 
current of 3.6 A. 




OFF y 

V 

300mV 
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(a) Set selector to V 
to measure dc voltage 



(b) Set selector to A 
to measure dc current 



FIGURE 2-21 Measuring voltage and current with a multimeter. By convention, you 
connect the red lead to the Vfl (+) terminal and the black lead to the COM (— ) terminal. 



NOTES... 



Most DMMs have internal cir- 
cuitry that automatically selects 
the correct range for voltage mea- 
surement. Such instruments are 
called “autoranging” or “autoscal- 
ing” devices. 



How to Measure Voltage 

Since voltage is the potential difference between two points, you measure 
voltage by placing the voltmeter leads across the component whose voltage 
you wish to determine. Thus, to measure the voltage across the lamp of Fig- 
ure 2-22, connect the leads as shown. If the meter is not autoscale and you 
have no idea how large the voltage is, set the meter to its highest range, then 
work your way down to avoid damage to the instrument. 

Be sure to note the sign of the measured quantity. (Most digital instru- 
ments have an autopolarity feature that automatically determines the sign 
for you.) If the meter is connected as in Figure 2-2 1(a) with its + lead con- 
nected to the + terminal of the battery, the display will show 47.2 as indi- 
cated, while if the leads are reversed, the display will show —47.2. 
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PRACTICAL NOTES... 

By convention, DMMs and VOMs have one red lead and one black lead, with 
the red lead connected to the (+) or VHA terminal of the meter and the black 
connected to the (— ) or COM terminal. Thus, if the voltmeter indicates a pos- 
itive value, the point where the red lead is touching is positive with respect to 
the point where the black lead is touching; inversely, if the meter indicates 
negative, the point where the red lead is touching is negative with respect to 
the point where the black lead is connected. For current measurements, if an 
ammeter indicates a positive value, this means that the direction of current is 
into its (+) or VO A terminal and out of its ( — ) or COM terminal; conversely, 
if the reading is negative, this means that the direction of current is into the 
meter’s COM terminal and out of its ( + ) or VOA terminal. 



How to Measure Current 

As indicated by Figure 2-2 1(b), the current that you wish to measure must 
pass through the meter. Consider Figure 2-23(a). To measure this current, 
open the circuit as in (b) and insert the ammeter. The sign of the reading will 
be positive if current enter the A or (+) terminal or negative if it enters the 
COM (or — ) terminal as described in the Practical Note. 




1 0J\ 

v 

OFF y 

V 

300mV 

n 




FIGURE 2-22 To measure voltage, 
place the voltmeter leads across the 
component whose voltage you wish to 
determine. If the voltmeter reading is 
positive, the point where the red lead is 
connected is positive with respect to the 
point where the black lead is con- 
nected. 



16.7 mA 




(a) Current to be measured 




FIGURE 2-23 To measure current, insert the ammeter into the circuit so that the cur- 
rent you wish to measure passes through the instrument. The reading is positive here 
because current enters the + (A) terminal. 



Reading Analog Multimeters 

Consider the analog meter of Figure 2-24. Note that it has a selector switch 
for selecting dc volts, ac volts, dc current, and ohms plus a variety of scales 
to go with these functions and their ranges. To measure a quantity, set the 
selector switch to the desired function and range, then read the value from 
the appropriate scale. 
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FIGURE 2-24 Analog multimeter. 
The quantity being measured is indi- 
cated on the scale selected by the rotary 
switch. 



EXAMPLE 2-5 The meter of Figure 2-24 is set to the 100 volts dc range. 
This means that the instrument reads full scale when 100 volts is applied and 
proportionally less for other voltages. For the case shown, (expanded detail, 
Figure 2-25), the needle indicates 70 volts. 



FIGURE 2-25 Meter indicates 70 
volts on the 100-V scale. 




Meter Symbols 

In our examples so far, we have shown meters pictorially. Usually, however, 
they are shown schematically. The schematic symbol for a voltmeter is a cir- 
cle with the letter V , while the symbol for an ammeter is a circle with the let- 
ter I. The circuits of Figures 2-22 and 2-23 have been redrawn (Figure 
2-26) to indicate this. 





(a) Voltmeter (b) Ammeter 

FIGURE 2-26 Schematic symbols for voltmeter and ammeter. 



PRACTICAL NOTES... 

1. One sometimes hears statements such as “. . . the voltage through a resis- 
tor” or “. . . the current across a resistor.” These statements are incorrect. 
Voltage does not pass through anything; voltage is a potential difference 
and appears across things. This is why we connect a voltmeter across com- 
ponents to measure their voltage. Similarly, current does not appear across 
anything; current is a flow of charge that passes through circuit elements. 
This is why we put the ammeter in the current path — to measure the cur- 
rent in it. Thus, the correct statements are “. . . voltage across the resistor 
. . ” and “. . . current through the resistor ...” 

2. Do not connect ammeters directly across a voltage source. Ammeters have 
nearly zero resistance and damage will probably result. 
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2.7 Switches, Fuses, and Circuit Breakers 

Switches 

The most basic switch is a single-pole, single-throw (SPST) switch as shown 
in Figure 2-27. With the switch open, the current path is broken and the 
lamp is off; with it closed, the lamp is on. This type of switch is used, for 
example, for light switches in homes. 

Figure 2-28(a) shows a single-pole, double-throw (SPDT) switch. Two 
of these switches may be used as in (b) for two-way control of a light. This 
type of arrangement is sometimes used for stairway lights; you can turn the 
light on or off from either the bottom or the top of the stairs. 



Switch 1 Switch 2 




(a) SPDT switch (b) Two-way switch control of a light 

FIGURE 2-28 Single-pole, double-throw (SPDT) switch. 

Many other configurations of switches exist in practice. However, we will 
leave the topic at this point. 

Fuses and Circuit Breakers 

Fuses and circuit breakers are used to protect equipment or wiring against 
excessive current. For example, in your home, if you connect too many 
appliances to an outlet, the fuse or circuit breaker in your electrical panel 
“blows.” This opens the circuit to protect against overloading and possible 
fire. Fuses and circuit breakers may also be installed in equipment such as 
your automobile to protect against internal faults. Figure 2-29 shows a vari- 
ety of fuses and breakers. 

Fuses use a metallic element that melts when current exceeds a preset 
value. Thus, if a fuse is rated at 3 A, it will “blow” if more than 3 amps 
passes through it. Fuses are made as fast-blow and slow-blow types. Fast- 
blow fuses are very fast; typically, they blow in a fraction of a second. Slow- 
blow fuses, on the other hand, react more slowly so that they do not blow on 
small, momentary overloads. 

Circuit breakers work on a different principle. When the current exceeds 
the rated value of a breaker, the magnetic field produced by the excessive 
current operates a mechanism that trips open a switch. After the fault or 
overload condition has been cleared, the breaker can be reset and used again. 
Since they are mechanical devices, their operation is slower than that of a 
fuse; thus, they do not “pop” on momentary overloads as, for example, when 
a motor is started. 



o 




(b) Closed 

FIGURE 2-27 Single-pole, single- 
throw (SPST) switch. 
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v/' 

(c) Circuit breaker 

(a) A variety of fuses and circuit breakers. symbols 

FIGURE 2-29 Fuses and circuit breakers. 



PUTTING IT INTO PRACTICE 







Y our company is considering the purchase of an electrostatic air cleaner 
system for one of its facilities and your supervisor has asked you to pre- 
pare a short presentation for the Board of Directors. Members of the Board 
understand basic electrical theory but are unfamiliar with the specifics of 
electrostatic air cleaners. Go to your library (physics books are a good refer- 
ence) and research and prepare a short description of the electrostatic air 
cleaner. Include a diagram and a description of how it works. 



PROBLEMS 





r 




2.1 Atomic Theory Review 

1. How many free electrons are there in the following at room temperature? 

a. 1 cubic meter of copper 

b. a 5 m length of copper wire whose diameter is 0.163 cm 

2. Two charges are separated by a certain distance, Figure 2-30. How is the 
force between them affected if 

a. the magnitudes of both charges are doubled? 

b. the distance between the charges is tripled? 

3. Two charges are separated by a certain distance. If the magnitude of one 
charge is doubled and the other tripled and the distance between them 
halved, how is the force affected? 



FIGURE 2-30 
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4. A certain material has four electrons in its valence shell and a second mater- 
ial has one. Which is the better conductor? 

5. a. What makes a material a good conductor? (In your answer, consider 

valence shells and free electrons.) 

b. Besides being a good conductor, list two other reasons why copper is so 
widely used. 

c. What makes a material a good insulator? 

d. Normally air is an insulator. However, during lightning discharges, con- 
duction occurs. Briefly discuss the mechanism of charge flow in this dis- 
charge. 

6. a. Although gold is very expensive, it is sometimes used in electronics as a 

plating on contacts. Why? 

b. Why is aluminum sometimes used when its conductivity is only about 
60% as good as that of copper? 

2.2 The Unit of Electrical Charge: The Coulomb 

7. What do we mean when we say that a body is “charged”? 

8. Compute the force between the following charges and state whether it is 
attractive or repulsive. 

a. A + 1 fxC charge and a +7 fxC charge, separated 10 mm 

b. Q x = 8 jiiC and Q 2 = — 4 /xC, separated 12 cm 

c. Two electrons separated byl2Xl0“ 8 m 

d. An electron and a proton separated by 5.3 X 10“ 11 m 

e. An electron and a neutron separated by 5.7 X 10“ 11 m 

9. The force between a positive charge and a negative charge that are 2 cm 
apart is 180 N. If Q x = 4 /jlC, what is Q 2 1 Is the force attraction or repul- 
sion? 

10. If you could place a charge of 1 C on each of two bodies separated 25 cm 
center to center, what would be the force between them in newtons? In 
tons? 

11. The force of repulsion between two charges separated by 50 cm is 0.02 N. If 
Qi ~ 5<2i, determine the charges and their possible signs. 

12. How many electrons does a charge of 1.63 fxC represent? 

13. Determine the charge possessed by 19 X 10 13 electrons. 

14. An electrically neutral metal plate acquires a negative charge of 47 ix C. How 
many electrons were added to it? 

15. A metal plate has 14.6 X 10 13 electrons added. Later, 1.3 /jlC of charge is 
added. If the final charge on the plate is 5.6 /jlC , what was its initial 
charge? 

2.3 Voltage 

16. Sliding off a chair and touching someone can result in a shock. Explain 
why. 

17. If 360 joules of energy are required to transfer 15 C of charge through the 
lamp of Figure 2-1, what is the voltage of the battery? 
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18. If 600 J of energy are required to move 9.36 X 10 19 electrons from one point 
to the other, what is the potential difference between the two points? 

19. If 1.2 kJ of energy are required to move 500 mC from one point to another, 
what is the voltage between the two points? 

20. How much energy is required to move 20 mC of charge through the lamp of 
Figure 2-22? 

21. How much energy is gained by a charge of 0.5 /xC as it moves through a 
potential difference of 8.5 kV? 

22. If the voltage between two points is 100 V, how much energy is required to 
move an electron between the two points? 

23. Given a voltage of 12 V for the battery in Figure 2-1, how much charge is 
moved through the lamp if it takes 57 J of energy to move it? 

2.4 Current 

24. For the circuit of Figure 2-1, if 27 C pass through the lamp in 9 seconds, 
what is the current in amperes? 

25. If 250 /iC pass through the ammeter of Figure 2-26(b) in 5 ms, what will 
the meter read? 

26. If the current I = 4 A in Figure 2-1, how many coulombs pass through the 
lamp in 7 ms? 

27. How much charge passes through the circuit of Figure 2-23 in 20 ms? 

28. How long does it take for 100 fjiC to pass a point if the current is 25 mA? 

29. If 93.6 X 10 12 electrons pass through a lamp in 5 ms, what is the 
current? 

30. The charge passing through a wire is given by q = lCk + 4, where q is in 
coulombs and t in seconds, 

a. How much charge has passed at t = 5 s? 

b. How much charge has passed at t = 8 s? 

c. What is the current in amps? 

31. The charge passing through a wire is q = (80 1 + 20) C. What is the cur- 
rent? Hint: Choose two arbitrary values of time and proceed as in Ques- 
tion 30. 

32. How long does it take 312 X 10 19 electrons to pass through the circuit of 
Figure 2-26(b) if the ammeter reads 8 A? 

33. If 1353.6 J are required to move 47 X 10 19 electrons through the lamp of 
Figure 2-1 in 1.3 min, what are V and I? 

2.5 Practical DC Voltage Sources 

34. What do we mean by dc? By ac? 

35. For the battery of Figure 2-8, chemical action causes 15.6 X 10 18 electrons 
to be transferred from the carbon rod to the zinc can. If 3.85 joules of chem- 
ical energy are expended, what is the voltage developed? 

36. How do you charge a secondary battery? Make a sketch. Can you charge a 
primary battery? 
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37. A battery rated 1400 mAh supplies 28 mA to a load. How long can it be 
expected to last? 

38. What is the approximate service life of the D cell of Table 2-1 at a current 
drain of 10 mA? At 50 mA? At 100 mA? What conclusion do you draw 
from these results? 

39. The battery of Figure 2-14 is rated at 81 Ah at 5°C. What is the expected 
life (in hours) at a current draw of 5 A at — 15°C? 

40. The battery of Figure 2-14 is expected to last 17 h at a current drain of 

1 .5 A at 25 °C. How long do you expect it to last at 5°C at a current drain of 
0.8 A? 

41. In the engineering workplace, you sometimes have to make estimations 
based on the information you have available. In this vein, assume you have 
a battery-operated device that uses the C cell of Table 2-1. If the device 
draws 10 mA, what is the estimated time (in hours) that you will be able 
to use it? 



2.6 Measuring Voltage and Current 

42. The digital voltmeter of Figure 2-31 has autopolarity. For each case, deter- 
mine its reading. 
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FIGURE 2-31 



43. The current in the circuit of Figure 2-32 is 9.17 mA. Which ammeter cor- 
rectly indicates the current? (a) Meter 1, (b) Meter 2, (c) both. 

44. What is wrong with the statement that the voltage through the lamp of Fig- 
ure 2-22 is 70.3 V? 

45. What is wrong with the metering scheme shown in Figure 2-33? Fix it. 
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FIGURE 2-33 What is wrong here? 




FIGURE 2-32 



TABLE 2-2 




2.7 Switches, Fuses, and Circuit Breakers 

46. It is desired to control a light using two switches as indicated in Table 2-2. 
Draw the required circuit. 

47. Fuses have a current rating so that you can select the proper size to protect a 
circuit against overcurrent. They also have a voltage rating. Why? Hint: 
Read the section on insulators, i.e., Section 2.1. 



ANSWERS TO IN-PROCESS 
LEARNING CHECKS 



In-Process Learning Check 1 

1 . An atom consists of a nucleus of protons and neutrons orbited by electrons . The 
nucleus is positive because protons are positive, but the atom is neutral because 
it contains the same number of electrons as protons, and their charges cancel. 

2. The valence shell is the outermost shell. It contains either just the atom’s 
valence electrons or additionally, free electrons that have drifted in from other 
atoms. 

3. The force between charged particles is proportional to the product of their 
charges and inversely proportional to the square of their spacing. Since force 
decreases as the square of the spacing, electrons far from the nucleus experi- 
ence little force of attraction. 

4. If a loosely bound electron gains sufficient energy, it may break free from its 
parent atom and wander throughout the material. Such an electron is called a 
free electron. For materials like copper, heat (thermal energy) can give an 
electron enough energy to dislodge it from its parent atom. 

5. A normal atom is neutral because it has the same number of electrons as pro- 
tons and their charges cancel. An atom that has lost an electron is called a 
positive ion, while an atom that has gained an electron is called a negative 
ion. 

6. The electrons remain in the material. 
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In-Process Learning Check 2 

1. Q a = 13.74 fiC (pos.) Q b = 13.57 /iC (neg.) 

2. Chemical action creates an excess of electrons at the zinc and a deficiency of 
electrons at the carbon electrode. Because one pole is positive and the other 
negative, a voltage exists between them. 

3. Motion is random. Since the net movement in all directions is zero, current is 
zero. 

4. 80 A 

5. 3195 s 




Resistance 



OBJECTIVES 

After studying this chapter, you will be 

able to 

• calculate the resistance of a section of 
conductor, given its cross-sectional area 
and length, 

• convert between areas measured in 
square mils, square meters, and circular 
mils, 

• use tables of wire data to obtain the 
cross-sectional dimensions of various 
gauges of wire and predict the allowable 
current for a particular gauge of wire, 

• use the temperature coefficient of a 
material to calculate the change in resis- 
tance as the temperature of the sample 
changes, 

• use resistor color codes to determine the 
resistance and tolerance of a given 
fixed-composition resistor, 

• demonstrate the procedure for using an 
ohmmeter to determine circuit continu- 
ity and to measure the resistance of both 
an isolated component and one which is 
located in a circuit, 

• develop an understanding of various 
ohmic devices such as thermistors and 
photocells, 

• develop an understanding of the resis- 
tance of nonlinear devices such as varis- 
tors and diodes, 

• calculate the conductance of any resis- 
tive component. 



KEY TERMS 

Color Codes 

Conductance 

Diode 

Ohmmeter 

Open Circuit 

Photocell 

Resistance 

Resistivity 

Short Circuit 

Superconductance 

Temperature Coefficient 

Thermistor 

Varistor 

Wire gauge 

OUTLINE 

Resistance of Conductors 

Electrical Wire Tables 

Resistance of Wires — Circular Mils 

Temperature Effects 

Types of Resistors 

Color Coding of Resistors 

Measuring Resistance — The Ohmmeter 

Thermistors 

Photoconductive Cells 

Nonlinear Resistance 

Conductance 

Superconductors 



Y ou have been introduced to the concepts of voltage and current in previous 
chapters and have found that current involves the movement of charge. In a 
conductor, the charge carriers are the free electrons which are moved due to the 
voltage of an externally applied source. As these electrons move through the 
material, they constantly collide with atoms and other electrons within the con- 
ductor. In a process similar to friction, the moving electrons give up some of 
their energy in the form of heat. These collisions represent an opposition to 
charge movement that is called resistance. The greater the opposition (i.e., the 
greater the resistance), the smaller will be the current for a given applied voltage. 

Circuit components (called resistors) are specifically designed to possess 
resistance and are used in almost all electronic and electrical circuits. Although 
the resistor is the most simple component in any circuit, its effect is very impor- 
tant in determining the operation of a circuit. 

Resistance is represented by the symbol R (Figure 3-1) and is measured in 
units of ohms (after Georg Simon Ohm). The symbol for ohms is the capital 
Greek letter omega (O). 

In this chapter, we examine resistance in its various forms. Beginning with 
metallic conductors, we study the factors which affect resistance in conductors. 
Following this, we look at commercial resistors, including both fixed and vari- 
able types. We then discuss important nonlinear resistance devices and conclude 
with an overview of superconductivity and its potential impact and use. 



CHAPTER PREVIEW 
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Resistor 



FIGURE 3-1 Basic resistive 
circuit. 



Georg Simon Ohm and Resistance 

One of the fundamental relationships of circuit theory is that between 
voltage, current, and resistance. This relationship and the properties of resistance 
were investigated by the German physicist Georg Simon Ohm (1787-1854) 
using a circuit similar to that of Figure 3-1. Working with Volta’s recently devel- 
oped battery and wires of different materials, lengths, and thicknesses, Ohm 
found that current depended on both voltage and resistance. For example, for a 
fixed resistance, he found that doubling the voltage doubled the current, tripling 
the voltage tripled the current, and so on. Also, for a fixed voltage, Ohm found 
that the opposition to current was directly proportional to the length of the wire 
and inversely proportional to its cross-sectional area. From this, he was able to 
define the resistance of a wire and show that current was inversely proportional 
to this resistance; e.g., when he doubled the resistance; he found that the current 
decreased to half of its former value. 

These two results when combined form what is known as Ohm’s law. (You 
will study Ohm’s law in great detail in Chapter 4.) Ohm’s results are of such 
fundamental importance that they represent the real beginnings of what we now 
call electrical circuit analysis. 
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3.1 Resistance of Conductors 
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As mentioned in the chapter preview, conductors are materials which permit 
the flow of charge. However, conductors do not all behave the same way. 
Rather, we find that the resistance of a material is dependent upon several 
factors: 



• Type of material 

• Length of the conductor 

• Cross-sectional area 

• Temperature 



TABLE 3-1 Resistivity of 
Materials, p 



Material 


Resistivity, p, 
at 20°C (11-m) 


Silver 


1.645 X 1(T 8 


Copper 


1.723 X 1(T 8 


Gold 


2.443 X 1(T 8 


Aluminum 


2.825 X 1(T 8 


Tungsten 


5.485 X 1(T 8 


Iron 


12.30 X 10^ 8 


Lead 


22 X 10“ 8 


Mercury 


95.8 X 10“ 8 


Nichrome 


99.72 X 10^ 8 


Carbon 


3500 X 10‘ 8 


Germanium 


20-2300* 


Silicon 


=500* 


Wood 


10 8 -10 14 


Glass 


10 10 - 10 14 


Mica 


10 n -10 15 


Hard rubber 


10 13 -10 16 


Amber 


5 X 10 14 


Sulphur 


1 X 10 15 


Teflon 


1 X 10 16 



*The resistivities of these materials are 
dependent upon the impurities within the 
materials. 



If a certain length of wire is subjected to a current, the moving elec- 
trons will collide with other electrons within the material. Differences at 
the atomic level of various materials cause variation in how the collisions 
affect resistance. For example, silver has more free electrons than copper, 
and so the resistance of a silver wire will be less than the resistance of a 
copper wire having the identical dimensions. We may therefore conclude 
the following: 

The resistance of a conductor is dependent upon the type of material. 

If we were to double the length of the wire, we can expect that the num- 
ber of collisions over the length of the wire would double, thereby causing 
the resistance to also double. This effect may be summarized as follows: 

The resistance of a metallic conductor is directly proportional to the 
length of the conductor. 

A somewhat less intuitive property of a conductor is the effect of cross- 
sectional area on the resistance. As the cross-sectional area is increased, the 
moving electrons are able to move more freely through the conductor, just as 
water moves more freely through a large-diameter pipe than a small-diame- 
ter pipe. If the cross-sectional area is doubled, the electrons would be 
involved in half as many collisions over the length of the wire. We may sum- 
marize this effect as follows: 

The resistance of a metallic conductor is inversely proportional to the 
cross-sectional area of the conductor. 

The factors governing the resistance of a conductor at a given tempera- 
ture may be summarized mathematically as follows: 

R = — [ohms, D] (3-1) 

A 

where 



p = resistivity, in ohm-meters (H-m) 
f = length, in meters (m) 

A = cross-sectional area, in square meters (m 2 ). 

In the above equation the lowercase Greek letter rho (p) is the constant of 
proportionality and is called the resistivity of the material. Resistivity is a 
physical property of a material and is measured in ohm-meters (O-m) in the 
SI system. Table 3-1 lists the resistivities of various materials at a tempera- 
ture of 20°C. The effects on resistance due to changes in temperature will be 
examined in Section 3.4. 
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Since most conductors are circular, as shown in Figure 3-2, we may deter- 
mine the cross-sectional area from either the radius or the diameter as follows: 



A = nr 2 = 




ird 2 

~ 4 ~ 



(3-2) 



< EXAMPLE 3-1 Most homes use solid copper wire having a diameter of 
1.63 mm to provide electrical distribution to outlets and light sockets. Deter- 
mine the resistance of 75 meters of a solid copper wire having the above 
diameter. 

Solution We will first calculate the cross-sectional area of the wire using 
equation 3-2. 




= tt(1.63 X 10 3 m) 2 
4 

= 2.09 X 10“ 6 m 2 




FIGURE 3-2 Conductor with a cir- 
cular cross-section. 



Now, using Table 3-1, the resistance of the length of wire is found as 




= (1.723 X 1Q~ 8 12-m)(75 m) 
2.09 X 10“ 6 m 2 
= 0.619 12 



PRACTICE 
PROBLEMS 1 



Answer: 698 G 



Find the resistance of a 100-m long tungsten wire which has a circular cross-sec- 
tion with a diameter of 0.1 mm (T = 20°C). 



v 



EXAMPLE 3-2 Bus bars are bare solid conductors (usually rectangular) 
used to carry large currents within buildings such as power generating sta- 
tions, telephone exchanges, and large factories. Given a piece of aluminum 
bus bar as shown in Figure 3-3, determine the resistance between the ends of 
this bar at a temperature of 20°C. 




FIGURE 3-3 Conductor with a 
rectangular cross section. 
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Solution The cross-sectional area is 

A = (150 mm) (6 mm) 

= (0.15 m)(0.006 m) 

= 0.0009 m 2 
= 9.00 X 10“ 4 m 2 

The resistance between the ends of the bus bar is determined as 




= (2.825 X 10~ 8 f2-m)(270 m) 
9.00 X 10“ 4 m 2 
= 8.48 X 10“ 3 12 = 8.48 mil 




IN-PROCESS 

LEARNING 
CHECK 1 



1. Given two lengths of wire having identical dimensions. If one wire is made of 
copper and the other is made of iron, which wire will have the greater resis- 
tance? How much greater will the resistance be? 

2. Given two pieces of copper wire which have the same cross-sectional area, 
determine the relative resistance of the one which is twice as long as the 
other. 

3. Given two pieces of copper wire which have the same length, determine the 
relative resistance of the one which has twice the diameter of the other. 

(Answers are at the end of the chapter. ) 



3.2 Electrical Wire Tables 

Although the SI system is the standard measurement for electrical and 
other physical quantities, the English system is still used extensively in the 
United States and to a lesser degree throughout the rest of the English- 
speaking world. One area which has been slow to convert to the SI system 
is the designation of cables and wires, where the American Wire Gauge 
(AWG) is the primary system used to denote wire diameters. In this sys- 
tem, each wire diameter is assigned a gauge number. The higher the AWG 
number, the smaller the diameter of the cable or wire, e.g., AWG 22 gauge 
wire is a smaller diameter than AWG 14 gauge. Since cross-sectional area 
is inversely proportional to the square of the diameter, a given length of 22- 
gauge wire will have more resistance than an equal length of 14-gauge 
wire. Because of the difference in resistance, we can intuitively deduce that 
large-diameter cables will be able to handle more current than smaller- 
diameter cables. Table 3-2 provides a listing of data for standard bare cop- 
per wire. 

Even though Table 3-2 provides data for solid conductors up to AWG 
4/0, most applications do not use solid conductor sizes beyond AWG 10. 
Solid conductors are difficult to bend and are easily damaged by mechanical 
flexing. For this reason, large-diameter cables are nearly always stranded 




TABLE 3-2 Standard Solid Copper Wire at 20°C 



Size 

(AWG) 


Diameter 


Area 




Resistance 
(fl/1000 ft) 


Current Capacity 

(A) 


(inches) 


(mm) 


(CM) 


(mm 2 ) 


56 


0.0005 


0.012 


0.240 


0.000122 


43 200 




54 


0.0006 


0.016 


0.384 


0.000195 


27 000 




52 


0.0008 


0.020 


0.608 


0.000308 


17 000 




50 


0.0010 


0.025 


0.980 


0.000497 


10 600 




48 


0.0013 


0.032 


1.54 


0.000779 


6 750 




46 


0.0016 


0.040 


2.46 


0.00125 


4 210 




45 


0.0019 


0.047 


3.10 


0.00157 


3 350 




44 


0.0020 


0.051 


4.00 


0.00243 


2 590 




43 


0.0022 


0.056 


4.84 


0.00245 


2 140 




42 


0.0025 


0.064 


6.25 


0.00317 


1 660 




41 


0.0028 


0.071 


7.84 


0.00397 


1 320 




40 


0.0031 


0.079 


9.61 


0.00487 


1 080 




39 


0.0035 


0.089 


12.2 


0.00621 


847 




38 


0.0040 


0.102 


16.0 


0.00811 


648 




37 


0.0045 


0.114 


20.2 


0.0103 


521 




36 


0.0050 


0.127 


25.0 


0.0127 


415 




35 


0.0056 


0.142 


31.4 


0.0159 


331 




34 


0.0063 


0.160 


39.7 


0.0201 


261 




33 


0.0071 


0.180 


50.4 


0.0255 


206 




32 


0.0080 


0.203 


64.0 


0.0324 


162 




31 


0.0089 


0.226 


79.2 


0.0401 


131 




30 


0.0100 


0.254 


100 


0.0507 


104 




29 


0.0113 


0.287 


128 


0.0647 


81.2 




28 


0.0126 


0.320 


159 


0.0804 


65.3 




27 


0.0142 


0.361 


202 


0.102 


51.4 




26 


0.0159 


0.404 


253 


0.128 


41.0 


0 . 75 * 


25 


0.0179 


0.455 


320 


0.162 


32.4 




24 


0.0201 


0.511 


404 


0.205 


25.7 


1 . 3 * 


23 


0.0226 


0.574 


511 


0.259 


20.3 




22 


0.0253 


0.643 


640 


0.324 


16.2 


2 . 0 * 


21 


0.0285 


0.724 


812 


0.412 


12.8 




20 


0.0320 


0.813 


1 020 


0.519 


10.1 


3 . 0 * 


19 


0.0359 


0.912 


1 290 


0.653 


8.05 




18 


0.0403 


1.02 


1 620 


0.823 


6.39 


5 . 0 1 


17 


0.0453 


1.15 


2 050 


1.04 


5.05 




16 


0.0508 


1.29 


2 580 


1.31 


4.02 


10 . 0 1 


15 


0.0571 


1.45 


3 260 


1.65 


3.18 




14 


0.0641 


1.63 


4 110 


2.08 


2.52 


15 . 0 1 


13 


0.0720 


1.83 


5 180 


2.63 


2.00 




12 


0.0808 


2.05 


6 530 


3.31 


1.59 


20 . 0 t 


11 


0.0907 


2.30 


8 230 


4.17 


1.26 




10 


0.1019 


2.588 


10 380 


5.261 


0.998 8 


30 . 0 1 


9 


0.1144 


2.906 


13 090 


6.632 


0.792 5 




8 


0.1285 


3.264 


16 510 


8.367 


0.628 1 




7 


0.1443 


3.665 


20 820 


10.55 


0.498 1 




6 


0.1620 


4.115 


26 240 


13.30 


0.395 2 




5 


0.1819 


4.620 


33 090 


16.77 


0.313 4 




4 


0.2043 


5.189 


41 740 


21.15 


0.248 5 




3 


0.2294 


5.827 


52 620 


26.67 


0.197 1 




2 


0.2576 


6.543 


66 360 


33.62 


0.156 3 




1 


0.2893 


7.348 


83 690 


42.41 


0.123 9 




1/0 


0.3249 


8.252 


105 600 


53.49 


0.098 25 




2/0 


0.3648 


9.266 


133 100 


67.43 


0.077 93 




3/0 


0.4096 


10.40 


167 800 


85.01 


0.061 82 




4/0 


0.4600 


11.68 


211 600 


107.2 


0.049 01 





*This current is suitable for single conductors and surface or loose wiring. 

tr This current may be accommodated in up to three wires in a sheathed cable. For four to six wires, the current in each wire must be reduced to 80% of 
the indicated value. For seven to nine wires, the current in each wire must be reduced to 70% of the indicated value. 
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FIGURE 3-4 Stranded wire 
(7 strands). 



rather than solid. Stranded wires and cables use anywhere from seven 
strands, as shown in Figure 3-4, to in excess of a hundred strands. 

As one might expect, stranded wire uses the same AWG notation as 
solid wire. Consequently, AWG 10 stranded wire will have the same cross- 
sectional conductor area as AWG 10 solid wire. However, due to the addi- 
tional space lost between the conductors, the stranded wire will have a larger 
overall diameter than the solid wire. Also, because the individual strands are 
coiled as a helix, the overall strand length will be slightly longer than the 
cable length. 

Wire tables similar to Table 3-2 are available for stranded copper cables 
and for cables constructed of other materials (notably aluminum). 



EXAMPLE 3-3 

per wire at 20°C. 



Calculate the resistance of 200 feet of AWG 16 solid cop- 



Solution From Table 3-2, we see that AWG 16 wire has a resistance of 4.02 II 
per 1000 feet. Since we are given a length of only 200 feet, the resistance will 
be determined as 



R = 



1 4.02 fl_ \ 
\ 1000 ft ) 



(200 ft) = 0.804 n 



By examining Table 3-2, several important points may be observed: 

• If the wire size increases by three gauge sizes, the cross-sectional area will 
approximately double. Since resistance is inversely proportional to cross- 
sectional area, a given length of larger-diameter cable will have a resis- 
tance which is approximately half as large as the resistance of a similar 
length of the smaller- diameter cable. 

• If there is a difference of three gauge sizes between cables, then the larger- 
diameter cable will be able to handle approximately twice as much current 
as the smaller-diameter cable. The amount of current that a conductor can 
safely handle is directly proportional to the cross-sectional area. 

• If the wire size increases by ten gauge sizes, the cross-sectional area will 
increase by a factor of about ten. Due to the inverse relationship between 
resistance and cross-sectional area, the larger-diameter cable will have about 
one tenth the resistance of a similar length of the smaller-diameter cable. 

• For a 10-gauge difference in cable sizes, the larger-diameter cable will 
have ten times the cross-sectional area of the smaller-diameter cable and 
so it will be able to handle approximately ten times more current. 



EXAMPLE 3-4 If AWG 14 solid copper wire is able to handle 15 A of cur- 
rent, determine the expected current capacity of AWG 24 and AWG 8 copper 
wire at 20°C. 



